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ABSTRACT
C2-SYMMETRIC DIBENZO-ANNELATED CROSS-BRIDGED CYCLAM:
SYNTHESIS, FUNCTIONALIZATION, AND COPPER COMPLEXATION

By

David J. Martin
University of New Hampshire, December, 2008

A novel synthetic methodology towards a C2-symmetric-N,Ar'-&z,s-carboxymethyldibenzo-annelated cross-bridged cyclam is here presented. This methodology required a
disparate approach from that traditionally used to prepare JV-pendant-armed derivatives of
the cross-bridged cyclam and cyclen macrocycles. Essential to the success of the
synthesis are new conditions for the protective alkylation, reductive ring expansion, and
chemoselective deprotection of the dibenzo-annelated cross-bridged cyclam macrocycle.
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CHAPTER I

INTRODUCTION

1.1 Macrocyclic Tetraamines

Tetraazamacrocycles such as cyclam (1), cyclen (2), and homocyclen (3), have a
history of intense study and continue to draw a great deal of attention due to their
potential use in a broad range of applications (Figure 1.1). Used traditionally as chelators
of metal cations, the utility of these ligands and their complexes is being explored in
various fields of study, including catalysis,1 biomimetics, luminescent sensors3 and
nuclear medicine.4"9

% A;H

> <

H

H-y

H-W-H

>V

T-H

;i i: H
~N

•<

Figure 1.1: Three common tetraazamacrocycles: cyclam (1), cyclen (2), and homocyclen (3).

In particular, research has focused on the remarkable properties associated with
the metal-ion complexes formed with these macrocyclic tetraamines. Especially, when
coordinated to a metal cation, these ligands have demonstrated enhanced thermodynamic

1

stability and in some cases enhanced kinetic inertness relative to their acyclic
analogues.

This increased thermodynamic stability has been attributed to the

Macrocyclic Effect. The term was first coined in 1969 when Cabbiness and Margerum
observed stability constants for Cu cyclam complexes that could not solely be attributed
to the chelate effect. Interestingly, the stability constants were 104 times greater than that
of the open chain tetraamine counterpart (an order of magnitude greater than expected). '
12

Since this original report, the macrocyclic effect has been the subject of numerous

investigations, and has been largely attributed to the fact that when compared to
analogous acyclic chelators, macrocycles have displayed variable enthalpies, but more
favorable entropies of complexation.10
In addition to the macrocyclic effect, it is important to note that
tetraazamacrocycles possess a flexibility that permits coordination to a variety of metals.
However, this flexibility also can result in a range of different complexation geometries
about the same metal whether in the solid state or in solution (Figure 1.2).2'13'14 In an
effort to reduce the potential for multiple isomeric coordination geometries, researchers
have incorporated a variety of structural modifications into their ligand design.15' ' 6
These modifications were implemented with the purpose of biasing the donor atoms in
such a way that the ligand would adopt more specific and predictable coordination
geometries.

2
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Cis-V

H

'
Trans-V

Figure 1.2: Various configurations of idealized octahedral metal complexes of cyclam as defined by
the Bosnich-Tobe nomenclature.14

For example, in 1980, Wainwright and coworkers reported a series of
"structurally reinforced" macrocyclic tetraamines.17 By connecting adjacent nitrogen
donors via an intramolecular ethylene bridge, a means of structurally reinforcing the
ligand (without adding unsaturation) was discovered (4, Figure 1.3). The adjacent bridge
effectively introduced a bias which favored /raws-coordination geometries

upon

complexation of transition metal cations.

.N.

N:H

N'

N: H

Figure 1.3: An adjacent-bridged cyclam (4) was described by Wainwright as "structurally
reinforced".

3

1.2 Cross-Bridged Cyclam

In 1990, Weisman, Wong, and coworkers reported the first ethylene "crossbridged" cyclam.18 Unlike the adjacent-bridged analogue, the ethylene moiety bridged
two non-adjacent nitrogens, giving a bicyclo[6.6.2]tetraamine (5). As illustrated in
Figure 1.4, the structurally modified bicyclic tetraamine demonstrated the capability to
adopt a low energy, diamond-lattice-type conformation in which all four nitrogen lone
pairs are convergent upon the cleft of the ligand. This constitutional design renders these
flexible ligands ideal for cis-V coordination14 of small metal cations as well as the
encapsulation of protons.

Figure 1.4: The incorporation of an ethylene cross-bridge allows for the convergent nature of the
nitrogen lone pairs. As a result, exclusive cis-V coordination geometries are observed in complexes of
small metal ions.

For example, 7V,./V'-dimethyl cross-bridged cyclam (5) was shown to behave as a
strong Li+-selective chelator relative to Na+. In addition, X-ray analysis of the
diprotonated TFA salt of 5 (Figure 1.5) revealed extensive hydrogen bonding within the
cleft of the ligand. The result of this hydrogen bond network was a strain-free, C2coordinating conformation in which each of two 10-membered rings adopted a [2323]

4

diamond-lattice-type conformation.19 Therefore, dialkyl cross-bridged tetraamines like 5
are considered proton-sponges, and are significantly more basic than their non-bridged
analogues (5: pk a = 24.9 in MeCN; pKaj > 13.5 vs. un-bridged tetramethyl cyclam pK 3| =
9.7, pKa = 9.3 in H2O20).18 It should also be noted that Busch and co-workers have
reported the Cu11 complex of 5 to be over 8 orders of magnitude (>10 ) more kinetically
inert to dissociation in strong acid than the non-bridged analogue.21
Weisman, Wong and co-workers thoroughly explored the structural and kinetic
consequences of the ethylene cross-bridge on metal complexes of cyclam and cyclen.
The comparative studies were performed on Zn11, Cd11, and Hg n complexes of crossbridged cyclam and cyclen, versus the non-bridged tetramethyl cyclam. In all cases,
structural and spectral analyses of the metal complexes revealed exclusive cis-V ligand
geometry.22

Figure 1.5: The X-ray structure of the di-inside-protonated TFA salt of 5.' 8

5

1.2.1 iV-Pendant-Arm Functionalization and Metal Complexation

Building on their ligand design methodology, Weisman, Wong and coworkers
subsequently published a series of pendant-armed derivatives of cross-bridged cyclam.
The synthetic sequence shown in Scheme 1.1 includes a highly regioselective
dibenzylation of 6 to give the te-quaternary ammonium dibromide 7. Reductive ring
opening with sodium borohydride gives the TV.Af'-dibenzyl bicyclic [6.6.2] cross-bridged
ligand (8), which upon hydrogenolysis provided the deprotected parent "diNH" (9).23
From 9, a number of different pendant-armed derivatives can be realized. Moreover, by
adding donor atom functionality, as in the case of the iV,iV'-dicarboxymethyl species (CBTE2A, 11), a resultant cis-~N402 donor set was positioned to consummate the first
coordination sphere. Upon coordination with Cu", a charge-neutral, fully enveloped, 6coordinate octahedral complex was realized that proved incredibly inert towards
decomplexation (Figure 1.6).24, 25
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Scheme 1.1: Weisman-Wong ligand design methodology towards N,N -pendant-armed cross-bridged
cyclam and cyclen.24

1.2.2 Radiopharmaceutical Applications

Based on the results of the TV.TV'-pendant-armed cross-bridged ligand design, it is
not surprising that researchers in the field of radiopharmaceuticals have taken a special
interest in its potential as a bifunctional chelator (BFC). A collaborative research effort
between the Weisman-Wong group and the group of Carolyn J. Anderson at Washington
University School of Medicine has been aimed at investigation of the 64Cu"-labeled
complexes of 12 ( Cu-CB-TE2A) and other ligands for the purpose of positron emission
tomography (PET) imaging and targeted radiotherapy. ' ' '

Figure 1.6: Two ionizable carboxymethyl pendant-arms allow for a charge-neutral, octahedral Cu"
complex (12: Cu"-CB-TE2A).

Considering the macrocyclic effect, it is not unforsecn that macrocyclic chelators

display enhanced in vivo stability compared to acyclic analogues. Nevertheless, even
pendant-armed non-bridged macrocycles like TETA (15) remain susceptible to in vivo
metal decomplexation (proton-assisted, transchelation, or transmetalation), and reductive
7

processes (Cu'VCu1). Consequently, retention of the radiolabel can often be inadequate
for medical and therapeutic applications.5 Additional important factors to be considered
are the lipophilicity and overall charge of the complex. In vivo studies have shown that
positively-charged complexes exhibit high accumulation in the kidneys and liver, while
neutral or negatively-charged complexes display lower hepatic uptake and higher
clearance through the kidneys.7 Moreover, if Cu11 dissociates from the complex, it
becomes bound to proteins and retained in tissues, thus hindering clearance.21 The
charge-neutrality of the Cu"-CB-TE2A complex and its inertness to decomplexation have
made it a very promising candidate as a BFC.

1.2.2.1 In Vivo Behavior of Various 64Cu-LabeIed Cross-Bridged Cyclam Ligands

In 2002, the collaborative effort between the Weisman-Wong Group and the
Anderson Group evaluated a series of

64

Cu" cross-bridged cyclam complexes for

biological stability and in vivo behavior (Figure 1.7). ' The radiolabeled 4 Cu" complexes
of compounds 9,11,13 and 14 were evaluated in vitro, and found to be stable in serum out
to 24 hours. Having no readily-ionizable functionality, the 64 Cu n complexes of 9,13 and
14 maintained an overall positive charge; whereas in normal rats these cationic
complexes displayed high uptake in the liver and kidneys, and slower clearance. By
comparison, the charge-neutral complex of 11 (64Cu°-CB-TE2A) cleared rapidly from all
tissues. Surprisingly, despite being the only charge- neutral species,

64

Cu"-CB-TE2A

proved to be the least lipophilic. Lastly, rat liver metabolism studies revealed that 64Cu"-

8

CB-TE2A had a significantly higher resistance to transchelation compared to the nonbridged 64Cu"-TETA (15).21
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Figure 1.7: A series of Cu" complexes were prepared and evaluated from the above ligands to
determine relative biological stability and in vivo behavior.2'

1.2.2.2 Biological Evaluation of 64Cu-labeled CB-TE2A and TETA Bioconjugates

To further evaluate the significance of these findings, CB-TE2A and TETA were
conjugated to a somatostatin analogue (tyrosine-3-octreotate, or Y3-TATE), radiolabeled
with

Cu , and their biological activity assessed in tumor-bearing rats (Figure 1.8).

Compared to the radiolabeled TETA-conjugate (17), 64Cu"-CB-TE2A-Y3-TATE (16)
showed improved clearance from the blood and liver, as well as increased tumor
targeting.27 The only apparent drawbacks of 16 was an elevated level of retention in the
kidneys, which is likely due to the overall +1 cationic charge of the conjugate; and the

radio-labeling process required relatively harsh conditions for biological molecules (95
°C at pH 8).27
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Figure 1.8: The in vivo behavior of radiolabeled 64 Cu"-CB-TE2A-Y3-TATE (16) and
Y3-TATE (17) bioconjugates was evaluated.

64

Cu"-TETA-

1.3 Second-Generation Cross-Bridged Bifunctional Chelators

Even though 12 and 16 have displayed superior in vivo performance, synthetic
variations designed to improve biodistribution are currently being considered. The
Weisman-Wong group is currently investigating a number of second-generation,
ionizable chelators based on the cross-bridged cyclam motif. Structural modifications
designed to increase lipophilicity and modulate charge are of principal interest.
Specifically, these new ligands would allow for charge-neutral Cu", and perhaps even
Ga and In complexes and radio-labeled bioconjugates. Ideally, the ligands should also
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be amenable to synthetic modification to fine-tune the lipophilic nature of the resultant
complex. An optimal design will not only preserve the superior kinetic inertness of the
Cu -CB-TE2A complex, but also allow for improved clearance characteristics, and
faster, more biologically-compatible labeling conditions.
Already, significant progress has been made affixing pendant-arms with multiple
ionizable sites, such as the phosphonate group (Figure 1.9). The inclusion of a
phosphonate pendant-arm will no-doubt allow for a charge-neutral

64

Cu"-bioconjugate,

though its kinetic and thermodynamic properties will need to be evaluated, and
correlations between these properties and in vivo performance be assessed.

Figure 1.9: A representation of a proposed bioconjugated mono-phosphonate pendant-armed crossbridged cyclam BFC.

Another approach is focused on the synthesis of BFC derivatives based on the
CB-TE2A motif. Since it is desirable (though not essential) to maintain both carboxylate
pendant-arms for coordination, alternative linker sites on the macrocyclic C-perimeter are
being considered.27 One possibility involves functionalization of the macrocyclic
backbone at the $-C. The stereoselective synthesis of this species is currently under
investigation (Figure 1.10).
11

Figure 1.10: A representation of a proposed $-C bioconjugated

Cu -CB-TE2A.

1.3.1 The C2A-Symmertric Dibenzo-Annelated Cyclam Motif

The second approach to a remotely functionalized CB-TE2A analogue is
concerned with a C2/,-symmetric dibenzo-annelated cyclam framework (Figure 1.11). It
is anticipated that the cross-bridged design will retain the superior coordination capacity
of the CB-TE2A motif, though because of the presence of two anilino-type nitrogens, the
overall basicity of the ligand will be decreased. This synthetic variation on the cyclam
macrocycle introduces a few interesting possibilities.

Figure 1.11: The C2A-dibenzo-annelated cyclam framework offers aromatic sites for remote
functionalization.
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First, a less basic chelator may not require as basic conditions for complexation,
and would therefore improve labeling kinetics. Second, functionalization at the parapositions would not only offer a means of modulating the solubility and lipophilicity of
the ligand, but it would also provide sites for conjugation and ionization.
Upon bioconjugation at the para-position, both carboxymethyl arms would
remain available for coordination, and a charge-neutral, hexadentate copper (II) complex
would be preserved. Moreover, considering that a second ionizable para-functionality
exists, it could serve as a third anionic site on the ligand. Additional ionization at this
location may allow for either charge ("1) Cu , or charge-neutral bioconjugates with In
and Ga01.

Figure 1.12: The proposed C 2 -dibenzo-annelated cross-bridged cyclam BFC contains pfunctionalized sites for bioconjugation, rendering it as a promising second-generation CB-TE2A
BFC analogue.

To date, much progress has been made toward the synthesis of the remotely
functionalized dibenzo-annelated BFC illustrated in Figure 1.12. Due to the abundance
of well-known aromatic functionalization chemistry, the benzo-fused framework of the
C^-symmteric dibenzo-annelated cross-bridge cyclam offers a great deal of potential for
remote functionalization. Former Weisman-Wong group member Y. Peng has already
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demonstrated the viability of this concept using Heck coupling to functionalize the parapositions of the C2-dibenzobisaminal 18 (Scheme 1.2).28

Scheme 1.2: Peng took advantage of Heck coupling to generate these />-functionalizeddibenzobisaminal derivatives.28

This approach to remote functionalization of the benzene rings will provide
alternate linker sites on the chelator and dedicate both TV-pendant arms for coordination,
thus rendering a charge-neutral Cu" complex. In order to fine-tune the lipophilic nature
of the BFC, the methods used for aromatic functionalization (Heck or Suzuki coupling
for example) should allow for a variety of linker groups, and those ultimately employed
may be structurally modifiable. Ideally, the modified analogues will exhibit improved
labeling kinetics and clearance from nontarget tissues (liver, kidneys, marrow), while
preserving the superior kinetic inertness of the model Cun-CB-TE2A. However, before
remote functionalization of this chelator was considered, the viability of a dibenzoannelated cross-bridged cyclam had to be demonstrated. Furthermore, the viability of a
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dibenzo-annelated-cross-bridged cyclam has also been established by Jeff Condon, who
prepared and characterized the C^-symmetric dibenzo-annelated-TV.TV'-dimethyl crossbridged cyclam macrocycle.
The research of this thesis begins by revisiting the dibenzo-annelated-crossbridged motif, and explores an improved synthesis and Cu" complexation of the N,N'dimethyl species. This study then investigates the efficacy of various synthetic
approaches towards a Cr symmetric dibenzo-annelated-TE2A analogue (Scheme 1.3),
and culminates with its Cu11 complexation.
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Scheme 1.3: The ultimate focus of this report is the realization of C2-dibenzo-aiinelated-TE2A.
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CHAPTER II

THE IMPROVED SYNTHESIS, CHARACTERIZATION, AND COPPER
COORDINATION OF 5,12-DIMETHYL-2,9-DIBENZO-l,5,8,12TETRAAZABICYCLO[6.6.2]TETRADECA-2,9-DIENE(32)

2.1 Background

As stated in the introduction of this thesis, one of the interests of the WeismanWong group is the realization of more lipophilic, ionizable BFC analogues of CB-TE2A.
In 1999, Jeff Condon of the Weisman-Wong group undertook the task of cross-bridging
the dibenzo-annelated cyclam macrocycle.29 At the time, a number of dibenzo-fused
macrocyclic tetraamine variants and their transition metal complexes had been reported
(19-21). "

These variants differed principally by the fashion in which the benzene

rings were arranged about the macrocyclic perimeter. Of the various available
combinations (Figure 2.1), an inexpensive and convenient two-step route to the C^symmetric dibenzo-annelated cyclam (21) was selected.
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Figure 2.1: Various dibenzo-fused cyclam macrocycles have been reported.

Following a procedure reported by Reid, Piesch and Betakis,36 Condon performed
the initial step towards the generation of a C2/,-dibenzo-annelated bisimine (23) via a
tandem nucleophilic aromatic substitution of 2-chlorobenzaldehyde with ethylene
diamine and subsequent imine condensation (Scheme 2.1).

H,N'

.NH,
AcOH aq

Toluene, HC0 2 H, Cu°,
Reflux, 4h, N 2

22

23

Scheme 2.1: A tandem nucleophilic aromatic substitution and imine condensation affords the C2t,dibenzo-annelated bisimine 23.

The publication by Reid et al. described the synthesis of a 2,3-dihydro-l//-l,4benzodiazepine (22) with a melting point of 244-246 °C. This was in agreement with
melting point data previously reported by Uskokovic, Iacobelli and Wenner.
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37

However,

in 1974, Coffen et al. reported a melting point of 134-136 °C for the identical
compound.38 Bergman and Brynolf noted the discrepancy, and determined that the
structures reported by Reid and Uskokovic were in fact the thermodynamically favored
14-membered macrocyclic bisimine ligand (23).39 They recognized that relative to the
monomeric benzodiazepine, the dimeric tetraazamacrocyclic displayed decreased
solubility and a higher melting point. Furthermore, heating of the 14-membered dimer in
aqueous acetic acid gave, via a hydrolytic ring-opening and recyclization, the 7membered monomeric species 22. The procedure of Betakis gave poor yields of the
bisimine macrocycle (20-40%) which involved a slow 30 day crystallization process.
However, it should be noted that Lindoy and coworkers have since reported alternative
recrystallization conditions that produce 23 in 70% yield.30
The second step involved the hydride reduction of the bisimine to a C^/,symmetric dibenzo-annelated cyclam (21). There were two previously reported
reductions of the bisimine macrocycle: Mattes and coworkers reported the reduction
using lithium aluminum hydride in THF affording an 87% yield, while Lindoy and
coworkers chose sodium cyanoborohydride as the reducing agent, which gave the
reduced macrocycle in slightly greater yield (95%).30 Due to its safety, availability and
cost, Condon opted for NaBFU as his reducing agent, and generated 21 in 83% yield
(Scheme 2.2).
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Scheme 2.2: Sodium borohydride reduction of 23 gives the C^-dibenzo-annelated cyclam 21.

It is worth noting that Mattes and coworkers have given the dibenzo-annelated
cyclam system a great deal of attention. In addition to 21, transition metal complexes of
an 7V,./V'-dimethyl (24) and A^iV'-diamide (25) species have been prepared (Figure 2.2).34
With respect to 21, six X-ray structures have been determined, including the free ligand,
a diprotonated dibromide salt, and Ni , Cu , Zn , and Pd complexes. Solid state
structural analysis of the free ligand revealed intramolecular hydrogen bonding between
the anilino-N-//and the adjacent secondary amino groups. This solid state observation is
consistent with solution phase NMR data, depicting the anilino-N-// as a broadened
singlet in the aromatic region (6.9-7.0 ppm). Interestingly, the Ni" complexes of the
three ligands (21, 24, 25), and the Cu" complex of 25, are all cw-folded along the amino
JV-7V axis, giving a distorted octahedral geometry about each respective metal cation.34
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Figure 2.2: Mattes and coworkers have reported the syntheses and structural characterizations of
these ligands and their complexes with various transition metals. 34

Using the conditions developed by Weisman, Wong, and coworkers, Condon
employed 40% aqueous glyoxal in acetonitrile in an effort to generate the interesting C2symmetic dibenzo-annelated bisaminal. However, due to the limited solubility of 21 in
acetonitrile, the initial attempt was unsuccessful. Based on the reports of Mattes and
coworkers of successful metal complexations of 21 in methanol,

Condon therefore

chose this solvent for another attempt. Despite the starting material's sparing solubility
in methanol, the new conditions generated 18 in 82% yield and 99% purity (Scheme
2.3) 29
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Scheme 2.3: Glyoxal condensation of 21 gives the C 2 -dibenzo-bisaminal 18.
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Condon made a number of attempts to directly reduce 18 to the cross-bridged
product. Based on the regioselective DIBALH reduction of the weaker anilino N-C
aminal bonds of the benzo[b]cyclam-glyoxal adduct, the same conditions were chosen in
an attempt to directly generate a C2-dibenzo-annelated cross-bridged cyclam.40
Unfortunately, this resulted in a statistical mixture (2:1:1) of cross-bridged, adjacentbridged and un-bridged products. Therefore, Condon used a variety of borohydridebased reducing agents in acidic conditions in order to take advantage of the proposed in
situ formation of the iminium ion, which could be subsequently reduced to the desired
cross-bridged species. Since none of these conditions resulted in reduced product, it was
apparent that alkylation would be necessary to facilitate the formation of iminium ion
(Scheme 2.4).
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Scheme 2.4: The reductive ring expansion relies on formation of the iminium ion, which is
subsequently trapped with sodium borohydride to yield the cross-bridged product (R = alkyl).
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Therefore, in order to achieve the cross-bridged species the synthetic strategy
developed by Weisman, Wong, and coworkers was employed. By using Mel to generate
an N,N'-dimethyl to-quaternary ammonium diiodide (26), access to the proposed
iminium ion would be possible. However, the dialkylation of 18 presented various
challenges.
Compound 18 proved insoluble in most common organic SN2 reaction solvents
such as MeCN, CH2CI2, MeOH and EtOH. Yet, the starting material demonstrated a
limited solubility in DMF. The dimethylation proved successful, but a side reaction
occurred between DMF and Mel, producing an insoluble dimethylammonium iodide byproduct. Condon attempted purification by recrystallization from MeOH, EtOH, 'PrOH,
butanol, MeCN, benzene, toluene, trifiuoromethyl benzene, DMF, Et20 and THF.
Overall, it was determined that the impurity was most soluble in isopropanol, although
ten days of Soxhlet extraction was required to completely remove the
dimethylammonium iodide by-product. Despite the fact that the purification process
proved arduous, it was effective and 26 was produced in an 82% yield and -97% purity
(Scheme 2.5).29
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Scheme 2.5: The regioselective alkvlalion gave the 6/s-quaternized ammonium diiodide 26.
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With the CVdibenzo-annelated bis-quaternary ammonium diiodide in hand,
Condon continued along the protocol of Weisman, Wong, and co-workers, which called
for NaBH4 in 95% EtOH at ambient temperature. However, due to the insolubility of 26
in 95% EtOH at room temperature, no reaction took place. Therefore, in order to better
solubilize the starting material, it was decided to attempt the reaction at reflux, which
ultimately afforded the desired cross-bridged ligand (27) in 92% yield and - 9 8 % purity
(Scheme 2.6).29
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Scheme 2.6: The reductive ring opening to the first dibenzo-annelated cross-bridged cyclam 27.

Once the synthesis of the 27 was achieved, Condon carried out proton
competition studies to ascertain the degree of decreased basicity. These qualitative
experiments, which had been previously outlined by Hill, involved a 1:1:1 homogenous
mixture of the cross-bridged ligand in question (27), proton sponge (28), and
trifluoroacetic acid (TFA) in CDCI3 (Scheme 2.7).41 The mixture was allowed to react
over a period of ten days in which it was monitored by H NMR, revealing that the
cross-bridged ligand was the only protonated species (29) over the course of the
29

experiment.
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Scheme 2.7: In order to determine the relative basicity of 27, proton competition experiments were
carried out versus proton sponge (28) and monitored by 'H NMR.

A second qualitative experiment allowed 27 to react with one equivalent of TFA
in CD3CN to give the protonated species 29 (Scheme 2.8). One equivalent of dimethyl
cross-bridged cyclam (5) was added to the homogenous solution, and a precipitate
formed instantly. 'H NMR analysis showed that the protonated dimethyl cross-bridged
cyclam (5) was the major species in solution, while the solid precipitate was the free
ligand 27 29
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Scheme 2.8: Upon deprotonation by 5, the neutral 27 precipitated from solution, preventing the
establishment of an equilibrium. Nevertheless, this confirms (at least qualitatively) that the dibenzoannelated system is less basic.
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Condon also reported the initial metal complexation of 27 involving one
equivalent of cupric chloride dihydrate refluxed in a methanolic solution. After 24 hours,
a dark green solution was isolated. Slow Et20 diffusion was used to crystallize the Cu
complex, which gave dark green square plates in 58% yield. While the crystals did not
diffract upon X-ray analysis, elemental analysis supported that a dihydrate of the desired
complex had been produced. In addition, both IR and UV-VIS analysis (relative to the
free ligand) supported that the complex had indeed formed.
It was hoped that the decreased basicity of 27 would facilitate Li+ complexation,
however, this proved difficult due to the ligand's limited solubility in MeCN. To further
complicate matters, the lithium salt (LiC104) had very poor solubility in other polar and
non-polar aprotic solvents (CHCI3, CH2CI2, toluene, benzene) that would solubilize the
ligand. Condon carried out experiments in a variety of deuterated solvents with varying
heat, equivalents, and lithium species (CIO4", OTf", CI", Br"). Throughout the course of
each experiment, the reactions remained heterogeneous. *H NMR analysis revealed the
presence of protonated ligand in all Li+ complexation trials.
However, the Li complexation experiments did yield some interesting results, as
Condon was able to obtain a crystal structure of a mono-inside protonated dibenzoannelated 7V,7V'-dimethyl cross-bridged cyclam perchlorate salt (Figure 2.3). Analysis of
the structure shows a loss of the two-fold symmetry observed in solution by NMR.
Though the location of the proton within the cleft was not determined, both 'H NMR
analysis and the arrangement of anilino and amino nitrogens suggest that the ligand is
indeed inside-protonated. It should also be noted that Wei-Chi Lee of the Wong group
also obtained a mono-inside protonated crystal structure of 27 while attempting to
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complex In . Consistent with that of the perchlorate salt, the solid state structure of the
InBrzt" salt lacked any symmetry.

Figure 2.3: The mono-inside protonated perchlorate salt of 27. Though NMR data indicate the salt
has time-averaged C2-symmetry in solution, the solid state structure is not symmetric. The
perchlorate counterion has been removed for clarity.29

2.2 Results & Discussion

As discussed in the background of this chapter, Jeff Condon successfully
synthesized the first C2-symmetric dibenzo-annelated cross-bridged cyclam. And though
IR, UV-VIS and elemental analysis verified a genuine Cu" complex, a crystal structure
was never obtained. Furthermore, due to solubility, reversibility and purification
challenges, the dimethylation of the C^-dibenzobisaminal proved a long and arduous step
in the overall synthesis of the C^-dibenzo-annelated-iV^ -dimethyl cross-bridged cyclam.
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Research on the C^-dibenzo-annelated motif was resumed by investigating
alternative approaches to the dialkylation of 18 (Scheme 2.9). The fact that methyl iodide
was not only prone to reversibility, but also reacted with the solvent (DMF) was
problematic. In order to decrease the degree of reversibility of the SN2 alkylation, a less
nucleophilic leaving group would need to be chosen. Secondly, a suitable solvent other
than DMF would have to be identified. Finally, a simpler purification process would
have to be worked-out in order to make the overall reaction a more feasible step in the
overall synthesis. Once completed, the cross-bridged system would be prepared, and
again complexed with copper(II). A crystal structure of the Cu complex would then be
elucidated. With a synthesis and structural characterization of the C^-dibenzo-annelatediV,./V~'-dimethyl cross-bridged cyclam Cu11 complex completed, efforts towards a C?dibenzo-annelated-TE2A analogue could begin.

2.2.1 The Synthesis and Characterization of (13ba, 13ca)-6a,13a-Dimethyl5,6,7,12,13,13b,13c,14-octahydro-6a,13a-diazonia-4b,llb-diazadibenzo[Z>,*fe/]chrysene Ditosylate (31)

The approach to alkylating the bisaminal required a completely different set of
conditions. It was decided that methyl tosylate (MeOTs) could be an appropriate
methylating agent as the tosylate counterion is less prone to reversibility relative to
bromide and iodide. In addition, MeOTs should also be relatively safe compared to some
of the other more reactive alkylating agents.

After testing a spectrum of polar solvents,

it was determined that, with the exception of DMF, chloroform offered the best ligand
solubility.
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Scheme 2.9: New conditions were sought for the dimethylation of 18.

Initial attempts using MeOTs in refluxing chloroform resulted in a mixture of
products (Table 2.1). In all trials, an off-white precipitate was observed within 24 hours.
]

H NMR analysis revealed that the precipitate was primarily the mono-methylated

species, though traces of dimethylated product were consistently observed. The monomethylated salt was thought to be sparingly soluble in refluxing chloroform, so reaction
periods were increased to as long as 14 days. Unfortunately, even at these extended
reaction times, no increase in dimethylated product was observed. It was envisioned that
slightly higher temperatures might offer increased solubility of the mono-iV-methylated
quaternary salt, and thereby facilitate the subsequent alkylation. Therefore, a pressure
tube was employed in an effort to increase the temperature of the reaction.
Unfortunately, the elevated temperature apparently offered little increase in solubility, as
a mixture of products was still obtained.
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Solvent

Alklylating Agent

Equivalents

Time

T(°C)

Result

CHCI3

MeOTs

5

Id

61

Mixture

CHC13

MeOTs

10

Id

61

Mixture

CHCI3

MeOTs

10

5d

61

Mixture

CHCI3

MeOTs

10

14d

61

Mixture

CHCI3

MeOTs

10

3d

* 70-80

Mixture

MeCN

MeOTs

10

Id

61

No Reaction

CHCI3

MeOTf

2

Id

25

Mixture

NEAT

MeOTs

40

2d

90

<20%

NEAT

MeOTs

10

Id

120

76%

NEAT

MeOTs

10

Id

130

90%

NEAT

MeOTs

10

3d

130

97%

Table 2.1: Various reaction conditions to dialkylate 18 were attempted. *Reaction performed in a
sealed borosilicate pressure tube. Temperature measured by oil bath.

It was then decided to attempt the reaction with methyl triflate (MeOTf). By
choosing a different counterion, the mono-methylated salt might exhibit improved
solubility in chloroform. Because methyl triflate is a more reactive SN2 substrate than
methyl tosylate, initial attempts with this reagent were run under very mild conditions (2
equivalents of MeOTf at ambient temperature). After a reaction time of one day, the
reaction remained homogeneous, though once again, 'H NMR analysis revealed a
mixture of products. Because the mono-methylated salt remained soluble in solution, it
was considered that perhaps slightly altered conditions (increased equivalents of MeOTf,
increased temperatures, longer reaction times) might ultimately give the desired
dimethylated product. Fortunately, further investigations with the triflate were not
required, as a solution to the solubility problem using methyl tosylate had been
discovered.
It wasn't clear why only a small fraction of dimethylated product was formed
under all conditions. If the mono-methyl salt was slightly soluble in chloroform, then
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longer reaction times or increased heat should have increased the fraction of the
dimethylated species. However, when the reaction was run for 14 days at reflux, the
fraction of the dimethyl salt was still low. So why was initial dimethyl salt forming?
Compound 18 was known to be soluble in methyl tosylate at room temperature, and it
was possible that the mono-methylated species was also soluble in methyl tosylate. If
this was the case, then the initial mono-methylated salt would retain some solubility
while sufficient MeOTs remained unreacted in solution. This was perhaps why only a
fraction of dimethylated product was ever observed. Therefore, it was then decided to
run this reaction in straight MeOTs (neat). The first attempt used 40 equivalents of
methyl tosylate and a reaction temperature of 90 °C. After two days, the product was
precipitated out of the reaction mixture with diethyl ether, and isolated by vacuum
filtration. ] H NMR analysis revealed the dimethylated product had formed in high purity,
but in low yield.

H I ,CH 3
MeOTs

©

130 °C, 3d, N2
(97%)

N * N
H3C I H

18

e
2 OTs • 0.5 H 2 0

31

Scheme 2.10: Due to the limited solubility of IS in conventional SN2 solvents, the dimethylation was

run neat in methyl tosylate.
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The conditions were then altered by reducing the equivalents of MeOTs to 10, and
after one day at 130 °C an off-white solid was isolated in 76% yield. Additional trials
employing 10 equivalents of MeOTs gave 90% and 97% yields at reaction times of two
and three days, respectively (Scheme 2.10). In addition to data obtained from ] H and 13C
NMR spectra, elemental analysis confirmed the formation on the desired product as a
hemihydrate (31).

2.2.2 The Synthesis and Characterization of 5,12-DimethyI-2,9-dibenzo-l,5,8,12tetraazabicyclo[6.6.2]tetradeca-2,9-diene (27)

As expected, the ditosylate salt proved compatible with the reductive ring opening
conditions used by Condon on the diiodide salt (26), and the dibenzo-annelated crossbridged cyclam (27) was generated in 92% yield (Scheme 2.11). The product was
recrystallized from hot acetonitrile to give large plate-like crystals. Unfortunately, the
crystals were twinned, and thus unsuitable for X-ray analysis. Therefore, the twinnedcrystals were dissolved in benzene, which was then permitted to slowly evaporate under a
nitrogen atmosphere over a two week period. This technique proved successful, as large
clear plates of X-ray quality were formed. Crystallographer Arnold L. Rheingold of the
University of California San Diego determined the solid-state conformation, and
provided the X-ray structure illustrated in Figure 2.4.
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3
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Scheme 2.11: The reductive ring opening conditions specified by Condon for 26 were compatible with
31, giving 27 in 92% yield.

Analysis of the solid state structure of 27 reveals several interesting
characteristics. Most obvious is the C2-symmetry of the ligand, which is consistent with
solution phase NMR analysis. In contrast to the mono-inside-protonated structure of 27,
the lone pairs of the N-Me amino groups are located exo to the ligand cavity. This
interesting conformation could be the result of a variety of one or more interactions. If
the solution phase conformation is consistent with that revealed in the crystal structure,
the exo-orientation may be the result of increased solvation of the amino lone pairs. In
addition, the solid state structure indicates intramolecular C-H--N hydrogen bonding
across the convex face of the ligand between the lone pairs of N2 and N4 and two of the
hydrogens of the ethylene cross-bridge. Given that this back-side hydrogen bonding
interaction requires an inversion of the amino-nitrogens, an expansion of the ligand cleft
is observed. Consequently, any potential dipoles are quenched, and any possible lonepair lone-pair repulsive interactions within the cleft are avoided. The C/N2 and C/N4
distances are 3.21 A and 3.13 A respectively.
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Figure 2.4: Unlike the mono-inside-protonated C104" and InBr4" salts of 27, the solid state structure
of the free ligand displays C2-symmetry and intramolecular C-H—N hydrogen bonding.

2.2.3 The Copper(II) Complexation and Characterization of 5,12-Dimethyl-2,9dibenzo-l,5,8,12-tetraazabicyc!o[6.6.2]tetradeca-2,9-diene (32)

With a fast and convenient route to the iV,N'-dirnethyl-fe-quaternary ammonium
ditosylate (31) in hand, the reductive ring expansion to the cross-bridged ligand was
carried out according the method developed by Weisman, Wong and co-workers. As
mentioned in the background of this report, Condon was able to successfully complex
copper(II) by using one equivalent of cupric chloride dihydrate in refluxing methanol
followed by slow ether diffusion (Scheme 2.12).29 Complex formation was then
confirmed by elemental analysis, IR spectroscopy and UV-VIS analysis, but upon X-ray
analysis the crystals failed to diffract.
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N
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l

2.) Slow EtzO Diffusion

,/
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\

\
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-CUCI2-2H20
^N
H3C

27

^
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^

32

Scheme 2.12: Copper (II) complexation followed by slow diethyl ether diffusion gave dark emeraldgreen crystals.

Both Condon's reaction and crystallization conditions were replicated producing
dark emerald-green plates, but these too failed to diffract. A number of other slow
diffusion solvent combinations were attempted, but the methanol/diethyl ether system
consistently produced the best crystals. Variations were then made in the crystallization
vessel size, complex concentration, and ether diffusion rates. The crystals of highest
quality were gathered from test tubes capped with septa in which small perforations had
been made. By retarding the rate of ether diffusion, the rate of crystal growth was
decreased. Eventually, this approach produced X-ray quality crystals. The crystal
structure, which is illustrated in Figure 2.5, was determined by Jonathan M. White of the
University of Melbourne along with research advisor Gary R. Weisman. 1R analysis of
the crystals matched the IR spectrum obtained by Condon, thus confirming that the
complexes were indeed identical.
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C20

C2
C3

C23
C4

C13
C5

C12

x3
C11

KPt8
Figure 2.5: The X-ray crystal structure of 32.

As anticipated from the saturated cross-bridged cyclam motif, the crystal structure
affirms a cis-Y coordination mode. Solid-state structural analysis suggests that the
complex has adopted a square pyramidal geometry, with the anilino-N2 in the apical
position (Table 2.2). Application of Addison and Reedjik's x-parameter supports this
estimation giving a distorted square pyramidal coordination geometry (x = 0.25).
Cul-N3

2.007

Cul-Nl

2.037

Cul-N4

2.131

Cul-N2

2.225

Cul-C13

2.31

N2-Cul-Nl

85.712

N2-Cul-N3

92.962

N2-Cu1-N4

83.573

N2-Cul-C13

112.133

Nl-Cul-N4

93.781

N4-Cul-N3

85.595

N3-Cul-Cl

89.604

Nl-Cul-C13

91.333

Nl-Cul-N3

178.592

N4-Cul-C13

163.827

Table 2.2: Selected bond distances (A) and bond angles (deg) for 32.
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It is also quite evident that the complex does not retain the Cj-symmetry of the
free ligand. This may be due in part to a conformational adjustment made by the ligand
to accommodate the square pyramidal coordination geometry about the metal. For
instance, given this coordination mode, if the ligand were to retain a C2-symmetric
conformation, then an eclipsing interaction between the N3-Me group and the CI would
arise (i.e. C21-N3-Cul-C13 torsion angle). Therefore, the N3-Me group is shifted across
the Nl-Cul-N3 axis, thereby diminishing any steric interaction with CI.
It is also worth noting that each of the two 10-membered rings are distorted from
the [2323]/[2323] conformations observed in Cu" complexes of the saturated crossbridged cyclam system. This is not surprising as the sp2-carbons of the benzo-fused
constituent impose a torsional constraint on the ring, thereby preventing a low energy
diamond-lattice type conformation. Of the two 10-membered rings, the one containing
the N2-C10-C14-C9 most resembles the expected conformation; whereas the ring
containing the N4-C1-C6-C17 had deviated from the expected conformation in order to
prevent any potential eclipsing interactions between the N-Me and the CI.
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CHAPTER III

THE SYNTHESIS, CHARACTERIZATION, AND COPPER(II)
COMPLEXATION OF 5,12-Ms-(CARBOXYMETHYL)-l,5,8,12TETRAAZABICYCLO[6.6.2JTETRADECA-2,9-DIENE(40)

3.1 Background

3.1.1 Synthetic Methodology

With an improved synthesis and structural characterization of the 32
accomplished, efforts towards a C2-symmetric dibenzo-annelated-CB-TE2A analogue
could begin. With this goal in mind, two potential synthetic approaches were considered.
The first is based on the methodology most commonly used to prepare TV-pendant-armed
cross-bridged cyclam and cyclen derivatives (Scheme 3.1).
The second approach circumvents the protection / deprotection reactions, and
instead implements a direct pendant-arm alkylation of the dibenzocyclam-glyoxal adduct
followed by reductive ring opening (Scheme 3.2). The precedence of this alternative
synthesis was established by Condon on the saturated cyclen-glyoxal adduct, and later by
Peng on the cyclam-glyoxal adduct 6. 28 ' 29 While this three-step approach avoids the need
for a protecting group, the direct alkylation has been thus far limited to the di-acetamide
for the cyclam case. It has since been shown that microwave-assisted HC1 catalyzed
hydrolysis of the di-amide will give the CB-TE2A-4HC1 salt in quantitative yield.
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Both syntheses, though similar in overall approach, offer their own distinct
advantages; however, the application of either of these approaches to the dibenzoannelated system presents serious challenges. From the standpoint of synthetic
diversification, the first approach is advantageous. At the cost of two additional steps for
iV-protection and deprotection of the macrocycle, one gains access to the key "di-NH"
intermediate (33). As has been consistently demonstrated with the cyclam and cyclen diNH systems, a number of straight-forward reactions (SN2, SN2', Mannich-type, etc.) can
provide a variety of di-pendant and mixed pendant-armed species. It is for this rationale
that it was decided to apply the blueprint of the first synthesis to the dibenzo-annelated
system. Even so, various difficulties with the chemistry of the first synthesis would need
to be addressed.
As is illustrated at the top of Scheme 1.1, the cyclam-bisaminal (6) undergoes a
regioselective dialkylation with benzyl bromide in acetonitrile. The formation of product
is favored by the convenient crystallization of the to-quaternary ammonium dibromide
salt (7). The dibenzylated salt then undergoes a clean reductive-ring-expansion to give
the iV,jV'-dibenzyl-protected cross-bridged cyclam (8). Deprotection of cross-bridged
ligand is carried out using hydrogenolysis, which yields the versatile di-NH cyclam
macrocycle (9). Unfortunately, both the alkylation conditions and protecting group
strategy employed for the glyoxal adducts of cyclam and cyclen are entirely unsuitable
for the dibenzo-annelated analogue.
First, it has been well documented in this study that due to the limited solubility of
18 in conventional SN2 reaction solvents, an efficient protective dialkylation of the
system will not likely be accomplished with alkyl halides, and therefore use of tosylates
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is preferred. Second, the TV-benzyl protecting group used for cyclam and cyclen cannot
be applied, as dibenzo-annelated system already contains two TV-benzylic positions,
rendering the macrocyclic framework subject to hydrogenolysis (Scheme 3.3). Because
we do not expect chemoselective cleavage of an N-benzyl protected dibenzo-annelated
system, an alternative protecting group was required. There are scores of nitrogen
protecting groups available to choose from, though the majority of them are not typically
used in the formation of quaternary ammonium salts; not to mention that they must be
stable to the reductive ring expansion, and the acid-base work-up that accompanies that
step. Once again, it is preferred that the protecting agent be affixed via an alkyl tosylate
(or other alkylating agents less susceptible to reversibility (e.g. triflates, mesylates, etc.)).

Benzylic sites

H 2 (1atm)
10%Pd/C
HOAc

X

N

^
...

...

H ,N

N

Benzylic sites

33
Scheme 3.3: The chemoselective hydrogenolysis of a hypothetical benzyl-protected ligand is not
anticipated, requiring the use of an alternative protecting group.

Considering these factors, it was hypothesized that the iV-allyl protecting group
was a promising first choice. First, and perhaps most important, a variety of proven
methods had been established for the preparation of alkyl tosylates; including allyl, which
is relatively expensive through commercial sources at ~ $23/gram. Second, a large
number of diverse methods aimed at allylic C-N bond cleavage had been reported.
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Finally, previous work performed by former Weisman-Wong group researchers Maureen
Fagan,45 Shanta Bist,46 and Peter Widger,47 suggested that the JV-allyl group was stable to
reductive ring opening conditions. Therefore, work towards an allyl-protected bisquaternary ammonium ditosylate of 35 was begun with the preparation of allyl-ptoluenesulfonate (34).

3.2 Results and Discussion

3.2.1 The Preparation of Allyl-p-toluenesulfonate (34)

Though a variety of protocols for alkyl tosylate synthesis exist, the majority of
these proceed by reacting tosyl chloride with an alcohol in the presence of some base.4 "5
Initial attempts to prepare allyl tosylate in dichloromethane utilized pyridine as the base,
however, a mixture of products was observed and excess pyridine was difficult to
remove. Ultimately, combining tosyl chloride with allyl alcohol in diethyl ether, and
substituting powdered sodium hydroxide for pyridine, '

gave 34 in better than expected

yield (98%) and purity (100%)(Scheme 3.4).

a. TsCI, Et 2 0, -20 °C, 15 min, N 2
O
b. NaOH powder, -20 °C, 3 h, IM2
(98%)

.As

0 ' *0
34

Scheme 3.4: The preparation of allyI-/>-toluenesulfonate (34) gave excellent yields.
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3.2.2 The Synthesis, Characterization, and Reactions of (13ba, 13ca)-6a,13a-Diallyl5,6,7,12,13,13b,13c,14-Octahydro-6a,13a-Diazonia-4b,llb-Diazadibenzo[6,</e/lchrysene Ditosylate (35)

Based on the dialkylation trials with methyl tosylate, initial attempts to diallylate
18 were performed with and without the presence of a solvent. As was expected,
reactions run in chloroform and dichloromethane gave complex mixtures of starting
material, mono- and di-allylated products, while those reactions run neat displayed far
better results. However, the high temperature conditions used successfully for
dimethylation (130 °C, 3 d, N2) resulted in the decomposition of 34. Therefore, the
reaction was run at 60 °C over a 72 hour period, which gave a ratio of 98:2 of di- to
mono-allylated product in 94% overall yield (Scheme 3.5). This alkylation was also
attempted in a microwave reactor with some success. While slightly larger amounts of
mono-allylated product remained relative to those observed using conventional
conditions, the reaction could be completed in an open vessel in 60 minutes at 100 °C
giving the product in 97% yield and 95% purity (Scheme 1.20). It should be noted that
under microwave conditions, the use of allyl tosylate in a closed vessel should be avoided
as it decomposes rapidly. Relative to the N,N -dimethyl ditosylate salt (31), the N,N'diallyl bis-quaternary ammonium ditosylate salt (35) displayed a much wider range of
solubility in both protic and aprotic solvents. This is likely due to the fact that the
relatively larger, more lipophilic allyl arms are better able to disrupt the crystal packing
of this salt. Unfortunately, all attempts to rccrystallize 35 were unsuccessful, leaving

small traces of mono-allylated material to be taken on to the reductive ring expansion in
the next step.
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.OTs
NEAT, 60 °C, 72 h, N 2
(98%)
-OffMicrowave Reactor
100°C, 60min, N 2
(95%)
35

18

Scheme 3.5: The allylation of 18 can be carried out conventionally, or with microwave irradiation.
The conventional approach gave better di- to mono-allyl ratios.

3.2.3 The Synthesis, Characterization and Reactions of 5,12-Diallyl-2,9-dibenzol,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene(36)

The protocol of Condon (Scheme 1.1) for reductive ring expansion of the bisquaternary ammonium ditosylate salt (35) was employed. However, instead of
generating the anticipated cross-bridged product (36), an unexpected quantitative deallylation took place, regenerating the C2-dibenzobisaminal (18) (Scheme 3.6).

NaBH,

%

N

18

95% EtOH
Reflux

^N .1/N

35

^V

36

Scheme 3.6: Instead of generating the desired cross-bridged species, a complete de-allylation of 35
was observed resulting in a quantitative recovery of 18.
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As mentioned previously, work on iV.Af'-diallyl cross-bridged cyclam by previous
members of the Weisman-Wong group did not suggest any significant degree ofN-deallylation. However, because of the derealization of the anilino-nitrogen lone pairs in
the dibenzo-annelated system, the formation of the iminium ion should be relatively
slower. This effect would slow the reductive ring opening, and consequently open up the
possibility of competing side-reactions.
Therefore, it was hypothesized that hydroxide and/or ethoxide generated in situ
was acting nucleophilically in a competitive SN2' reaction. To test this theory, 35 was
dissolved in aq NaOH, and stirred at pH 14 for 20 minutes at room temperature (Scheme
3.7). After extraction of the basic aqueous phase with toluene, the combined organic
phases were concentrated to a white solid. ] H NMR analysis of the extracted species
revealed pure recovery of 18.

1.)H 2 0,NaOH,pH=14
2.) Organic extraction

35

18

Scheme 3.7: To test the theory of SN2' deallylation by hydroxide, 35 was stirred in aq NaOH.
NMR analysis of the organic extract confirmed that complete deallylation had occurred.

With this informative yet unfortunate development, a number of alternate
reductive conditions were investigated. Room temperature and microwave-assisted
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'H

sodium borohydride reductions carried out in 95% EtOH and MeOH also resulted in
quantitative de-allylation. In an effort to prevent the production of alkoxide, the solvent
was changed to THF, and the reactions run in a microwave reactor at 30, 60, and 90
minutes. Analysis by ] H NMR revealed that all trials resulted in complex product
mixtures. It is quite likely that the polarity of THF was not sufficient to facilitate the
formation of the iminium ion; therefore, a reducing agent that could be used in a polar
protic solvent without generating a significant amount of hydroxide or alkoxide was
necessary. Due to the electron withdrawing effects of the three acetoxy groups of sodium
triacetoxyborohydride (NaBH(OAc)3), the boron-hydrogen bond is stabilized, making it a
milder reducing agent relative to sodium borohydride.

With the hope that these

distinctive characteristics would diminish the in situ formation of hydroxide/alkoxide, it
was decided to apply NaBH(OAc)3 to the reduction. All reactions were performed using
conventional thermal conditions in 95% EtOH, with variations in reaction time,
temperature, and equivalents of NaBH(OAc)3. Unfortunately, all attempts resulted in
complex mixtures of unidentified products (Table 3.1).

Reducing Agent (eqs)

Method

Solvent

Time

Temp °C

NaBH 4 (40)

Conventional

95% EtOH

24 h

Reflux

NaBH 4 (40)

Conventional

Abs. MeOH

24 h

Reflux

NaBH 4 (40)

Microwave

Abs. MeOH

10 min

100

NaBH 4 (40)

Microwave

THF

30 min

100

NaBH 4 (40)

Microwave

THF

60 min

120

NaBH 4 (40)

Microwave

THF

90 min

120

NaBH(OAc) 3 (40)

Conventional

95% EtOH

24 h

Reflux

NaBH(OAc) 3 (40)
NaBH(OAc) 3 (40)

Conventional

95% EtOH

24 h

RT

Conventional

95% EtOH

15 d

RT

NaBH(OAc) 3 (60)

Conventional

95% EtOH

48 h

Reflux

NaBH(OAc) 3 (100)

Conventional

95% EtOH

72 h

Reflux

Table 3.1: Attempts at the reductive ring opening of 35.
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In the midst of reevaluating the synthetic strategy, and despite the fact that the
feasibility of a reductive ring opening had not ever been established in any aprotic
solvent, it was decided to attempt the reduction in acetonitrile. As a relatively polar
solvent, it had the potential to facilitate the formation of iminium ion; yet on the other
hand, it also had the potential to be reduced (indeed, very few literature reports of the use
of sodium borohydride in acetonitrile were found). Therefore, based on its welldocumented compatiblilty with acetonitrile, it was resolved to make use of sodium
cyanoborohydride (NaBH3CN) as the reducing agent.55 The reaction, which was run for
3 days in refluxing acetonitrile with 40 equivalents of NaBH3CN was successful,
affording the C2-dibenzo-annelated-jV,7V'-diallyl cross-bridged cyclam (36) in a crude
yield of 98%. Analysis by ] H NMR revealed impurities in the baseline, which are
probably due to the presence of trace amounts mono-allylated salt in the starting material,
leading to the adjacent-bridged species. These impurities were subsequently removed by
washing the crude product with ice-cold 95% EtOH, giving an overall pure yield of 77%
(Scheme 3.8).
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Scheme 3.8: To avoid TV-deallylation of 35, aprotic reductive ring opening conditions were required
to generate 36.
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The purified product was then dissolved in hot acetonitrile, and allowed to cool.
As there was no indication of crystal formation, the solvent was permitted to slowly
evaporate over the course of a week under a nitrogen atmosphere. This technique
afforded X-ray quality crystals, which upon analysis gave the structure shown in Figure

Figure 3.1: The X-ray crystal structure of 36. AH hydrogens have been omitted for clarity, save those
of the ethylene cross-bridge occupied in intramolecular C-H—N hydrogen bonding.

The solid-state structural analysis of 36 revealed certain interesting
characteristics that were in fact consistent with qualities observed in the X-ray structure
of 27. In regards to the conformation of both structures, C2-symmetry is observed in both
the solid-state and in solution by NMR analysis. In addition, the amino nitrogen (N2,
N4) lone pairs are directed exo to the cleft of the ligand, raising an interesting similarity
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between structures that would seem to confirm that the rationale for an exo-lone pair
orientation is the formation of an intramolecular hydrogen bond (C-H-N) on the convex
face of the ligand. The C/N2 and C/N4 distances are 3.31 A and 3.15 A respectively.

NaBH3CN (40 eq)
»
Microwave-Open Vessel
MeCN, 82 °C, 30 min, N 2
-ORMicrowave-Closed Vessel
MeCN, 110°C, 30 min
35

CO
36

Scheme 3.9: The reductive ring opening of 35 can also be carried out in a microwave reactor.

It should also be noted that this transformation can be performed in a microwave
synthesizer using either an open or closed reaction vessel. Those trials carried out under
microwave radiation gave 36 in similar yield and purity, though in much shorter reaction
times (Scheme 3.9). However, due to the potential for the evolution of hydrogen cyanide
gas, open vessel conditions are preferred.
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3.2.4 The Synthesis of 2,9-Dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene
(33) and the Characterization of its Tetraphenyl Borate Salt (37)

3.2.4.17V-AHyl Deprotection Methodologies

Using the combination of sodium cyanoborohydride in acetonitrile, a new
protocol for reductive ring expansion was established. These conditions have not only
allowed for the generation of the dibenzo-annelated AyV'-di-allyl cross-bridged species,
but also for the saturated TV, JV'-di-allyl cyclam and cyclen systems without any degree of
de-allylation. With access to 36, progress towards a C2-dibenzo-annelated di-7V//-crossbridged cyclam could continue. As mentioned earlier in this chapter, a number of
methods aimed at allylic C-N bond cleavage have been reviewed.

4

The majority of these

processes can be divided into one of two categories based on the nature of the reaction
mechanism (Scheme 3.10).
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Scheme 3.10: The majority of allylic C-N bond cleavages proceed by either one of two general
methods, here classified according to their mechanistic features.

The first (A) involves the isomerization of the allylamine to an enamine, which is
subsequently cleaved upon hydrolysis; whereas the second category (B) implements
some nucleophile to attack the allyl group, and thus displaces the amine. The greater part
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of these processes employ either a strong base, which is generally restricted to
compounds without base-sensitive functionality, or a transition metal catalyst (Ni, Pd,
Rh), which has been shown to promote the rearrangement under more mild conditions.
Albeit that 36 has no obvious base-sensitive functionality, future work on p,p -substituted
derivatives may contain functionality that will require more mild conditions. It is for this
rationale that initial attempts focused on the transition metal-mediated processes.
A number of facile and chemoselective O- and iV-deallylations have been
developed using Ni" in the presence of a strong base. Specifically, Kunio Ogasawara has
reported the deprotection of a series of tertiary AfyV'-allyl-benzyl-amines using dichloro6/>s(diphenylphosphanyl)propanenickel [NiC^dppp)] in the presence of DIB ALH
(Scheme 3.11).56 The proposed mechanism for the Ni-catalyzed de-iV-allylation involves
a metal hydride addition and subsequent P-elimination of the allyl group as propene.
Furthermore, this protocol has been successful in the presence of carbonyl groups by
replacing DIBALH with trimethyl aluminum (AlMe3). Other research groups have also
had success using variations on this approach by means of NiCl2(dppe) in the presence of
tert-BuMgCl

in toluene
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Scheme 3.11: The Ni-catalyzed de-A'-allylation has been shown to be effective in the presence of Nbenzyl functionality.56
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Unfortunately, upon applying these conditions to 36, no reaction was observed.
Additional attempts using longer reaction times gave similar results. Due to the lack of
efficacy, it was therefore decided to abandon this approach, and shift the focus to
palladium-catalyzed methods.
Unlike the Ni°-catalyzed processes that necessitate the use of a strong base to
promote ^-elimination of the allyl group, the palladium mediated methods of interest
incorporate a nucleophilic scavenger.44
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Scheme 3.12: A general description of the proposed palladium-mediated mechanism for nucleophilic
displacement of allylic amines.44

The proposed mechanism for the method is illustrated in generic Scheme 3.12,
where the reaction initiates with a proton transfer from some acid (NuH), generating a
quaternary ammonium species as an improved leaving group. After that, a dimeric nallyl complex is formed through oxidative addition of palladium, resulting in a 1,3hydrogen shift, and release of the neutral amine. The conjugate base then scavenges the
allyl group by nucleophilic attack on the complex, thereby regenerating Pd° and
completing the allyl transfer. This type of palladium-mediated nucleophilic displacement
of allylic amines has been performed with a variety of nucleophilic scavengers, Pd°phosphine complexes, and solvents.
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It is appropriate to here mention that the Weisman-Wong group has been
interested in the synthesis of mono-iV-pendant-armed cross-bridged cyclam and cyclen
for some time. One might imagine that these types of species could be realized though an
orthogonally-protected cross-bridged intermediate. As part of her graduate research,
former group member Shanta Bist investigated various methods for the selective TV-allyl
deprotection of an TV-allyl-Af'-benzyl cross-bridged cyclam (Scheme 3.13).46

Scheme 3.13: Former Weisman-Wong research group member Shanta Bist investigated various
selective TV-deallylations.46

Among the methods she applied to the iV-allyl-iV'-benzyl-protected system was the of a
palladium catalyst. The orthogonally protected ligand was treated with
tetrakis(triphenylphosphine) palladium(O) [(Ph^P^Pd] and morpholine in CH2CI2 at 35
°C for 2h. Unfortunately, NMR analysis of the reaction product showed that no reaction
had occurred.46
Therefore, it was decided that initial efforts towards palladium-catalyzed Ndeallylation of 36 would employ different phosphine ligands and allyl-scavengers than
those employed by Bist. The first reaction combined 2-mercaptobenzoic acid and
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) in the presence of 1,4-bis(diphenylphosphino)butane (dppb) in refluxing THF for two hours. Analysis of the crude
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material by H NMR revealed a complex spectrum containing multiple products. Yet, it
was evident that a significant degree of deallylation did occur, and the ratio of di-M/to
mono-iV-allyl to di-7V-allyl species was estimated at 4.7:1.4:1 by integration of known
signals (Scheme 3.14).
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Scheme 3.14: The single attempt using a Pd-catalyzed yV-deallylation method gave promising results.

These results were promising, as adjustments in reaction time and purification
methods could possibly lead to the desired 33. Yet, at the same time these transition
metal-catalyzed reactions were under investigation, research colleague and doctoral
candidate Matthew Young was considering the alternative base-catalyzed 7V-de-allylation
methods attempted by Shanta Bist; in which she treated the iV,iV'-allyl-benzyl-protected
system with a large excess potassium fert-butoxide in refluxing DMSO over 12 days.
Analysis of the crude product by 'H NMR suggested that the allylamine did isomerize to
the enamine, though the yield was moderately low and the results were never replicated.
If the conditions utilized by Bist did in fact promote allylic rearrangement, then
the potential to hydrolyze the enamine was quite good. Knowing this, and with the
availability of a microwave reactor, Young resolved to reinvestigate the base-catalyzed
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method (Scheme 3.15) on a series of JV-allyl pendant-armed cross-bridged cyclam and
cyclen systems. Literature reports of this method have indicated that up to 4 hours are
required to complete the TV-deallylation.44 In this respect, the use of microwave radiation
turned out to be extremely beneficial, as Young was able to demonstrate total Ndeallylation using lower concentrations of KO'Bu, much lower temperatures, and
substantially faster reaction times. Moreover, the microwave-assisted conditions did not
affect the TV-benzyl group, and afforded near-quantitative yields on all systems.
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Scheme 3.15: KO'Bu deprotonates DMSO (pKa=35.1) to give the methylsulfinyl carbanion, or dimsyl
ion, which then abstracts the weakly acidic a-proton of the allylamine group.

Therefore, work on adapting the microwave-assisted protocol to the dibenzoannelated system 36 was set in motion. Early attempts were run in the microwave at 150
°C with 6 equivalents of KOlBu at reaction times between 12 and 30 minutes. By and
large, the reactions were successful giving approximately 90-100% conversion to the
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desired 33. However, the high temperature conditions resulted in a dark brown to black,
malodorous crude reaction mixture that contained suspected DMSO related by-products.
Subsequent trials aimed at preserving the efficacy of the reaction while minimizing the
generation of unwanted by-products were run between 10 and 20 minutes at lower
temperatures and fewer equivalents of KOlBu. Ultimately, it was determined that a
temperature of 100 °C over 15 minutes with 3 equivalents of KO'Bu gave the lowest
quantity of by-products while maintaining complete conversion to 33 (Scheme 3.16). It
should be emphasized that the use of DMSO in any microwave-assisted reaction should
be restricted to an open vessel, as high temperatures and pressures associated with closedvessel conditions can result in an explosion.
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Scheme 3.16: Microwave-assisted conditions for the base-catalyzed yV-deallylation of 36 gave the
desired 33 in a 91% crude yield.

In most cases the crude material was sufficiently pure to carry on to the next step
in the synthesis, however, if this method of deprotection is to be used in the future, then
an appropriate purification may need to be performed. All attempts at recrystallization
were unsuccessful, though due to the crystalline nature of the dibenzo-annelated motif,
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this purification technique should not be abandoned. It is worth mentioning that crystals
were formed by slow evaporation from acetonitrile, but they co-crystallized with the
impurity.
Based on the work of former Weisman-Wong group member, Maureen Fagan, it
was decided to prepare and recrystallize the tetraphenylborate (BPtu") salt of 33. Fagan
had effectively used this technique (without recrystallization) to complete the
characterization of the A^TV'-diallyl cross-bridged cyclam macrocycle. By simply
combining the ligand in a 1:1 ratio with NaBPli4 in MeOH at ambient temperature, an
instantaneous precipitation of the tetraphenylborate salt was observed. This method gave
the product in quantitative yield and without the need for additional purification.45
Although this approach was successful, recovery of the purified free ligand from the
tetraphenylborate salt was never attempted. Nevertheless, since it was anticipated that
the free ligand could be recovered through a simple acid-base work-up, the NaBPh4 ionexchange was performed.

H
N

N

N'

x

\ J
^

H' i

N

I

^

I © I H
/NSr-N'

NaBPh 4
MeOH,RT,44h
(91%)

33

" Cu
^N
H'

e
BPh 4

^

37

Scheme 3.17: Formation of the mono-inside protonated tetraphenylborate salt 37 allowed for the
removal of by-products formed in the base-catalyzed deprotection of 36 (Scheme 1.31).
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The reaction was carried out at room temperature with 1.5 equivalents of NaBPfu
in MeOH (Scheme 3.17). Compared with the immediate formation of the A/,Ar'-diallyl
cross-bridged cyclam tetraphenylborate salt, the crystallization of 37 was quite sluggish.
In fact, the methanolic solution remained homogeneous for well over an hour before any
solid material was observed.
The relatively slow precipitation can be rationalized by a couple of possibilities.
It might be that 37 has a slightly greater solubility in MeOH than the tetraphenylborate
salt generated by Fagan. Yet, the fact that the product is washed with MeOH during the
work-up without significant loss of material suggests this may not be a factor.
Alternatively, the comparative basicity studies performed by Condon on 27 may offer a
better rationale, as he conclusively established that the dibenzo-annelated cross-bridged
motif was less basic than its saturated counterpart. Taking this into account, as well as
the fact that 33 contains two secondary nitrogens (versus the two tertiary nitrogens of the
TV.iV'-diallyl system used by Fagan), the protonation and subsequent ion-exchange
processes may be slower for 33. Even so, after stirring for almost two days, the
precipitate was isolated in 91% yield and 100% purity. Analysis by ] H and 13C NMR
revealed a C2-symmetric, mono-TV-inside tetraphenylborate salt. Knowing the crystalline
nature of tetraphenylborate salts, 37 was dissolved in MeCN and placed in a diethyl ether
diffusion chamber. Over the course of a few weeks, small, clear plates formed that were
suitable for X-ray analysis.
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^

Figure 3.2: Conformational analysis of the X-ray structure of 37 reveals a mono-inside protonated
species. Only the NH's have been included, and the tetraphenylborate counterion has been removed
for clarity.

Like the solid state structures of the inside-protonated InBr^ and CIO4" salts of
27, the crystal structure of 37 demonstrates complete convergence of all four nitrogen
lone pairs, but it does not possess the C2-symmertry observed in solution by NMR
(Figure 3.2).
Unfortunately, due to the solubility of 37, recovery of the purified free ligand met
with limited success. Initial attempts included stirring 37 in aq NaOH at pH 14, followed
by extraction with benzene. This approach consistently resulted in mixtures of NaBPh^
free and protonated ligand. In an effort to improve solubility, MeOH or EtOH and heat
were added to the basic aqueous mixture, yet a purified free ligand still wasn't recovered.
Eventually, it was decided to decompose the tetraphenylborate counter ion by stirring the
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salt in concentrated HC1. After stirring at room temperature for 3 days, the aqueous
solution eventually became homogenous. The solution was then cooled, basified to pH
14, and extracted with benzene. ! H NMR analysis showed that the free ligand was
recovered and the impurities generated in the deprotection were no longer present.
However, minute amounts of new impurities (or residual NaBPfu) were apparent in the
aromatic region. Unfortunately, time limitations prevented any further purification
experiments, yet the formation of a different salt (e.g. 33 • HBr), or chromatography of
the crude material may prove beneficial in future research. If this approach does not
culminate in a purified 33, there are a variety of alternative deprotection methods
available that may proceed without the formation of difficult-to-remove by-products.

3.2.5 The Attempted Direct Pendant-Arm Alkylations of (13ba, 13ca)-5,6,7,12,13,
13b,13c,14-Octahydro-4b,6a,llb,13a-tetraazadibenzo[6,rfe/)chrysene (18)

As described earlier in this chapter, there exists an alternative synthetic approach
to CB-TE2A (Scheme 3.2). While struggling with the incompatibility of the 7V-allyl
protecting group with the standard reductive ring opening conditions, the applicability of
this protocol to the C2-dibenzo-annelated system was explored. It was hoped that if a
direct alkylation with a donor-pendant arm could be accomplished, then the protecting
group method could be set aside. Yijie Peng had proved this approach possible when he
di-alklylated the cyclam-glyoxal adduct with a-bromoacetamide. As expected, the amide
functionality was not reduced during the subsequent reductive ring opening with NaBtLi
and the 7V,A"-diamide cross-bridged cyclam was realized.28 It has since been shown that
the di-amide can by hydrolyzed with HC1 under microwave radiation. With this goal in
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mind, a series of alkylations were carried out by combining 18 with various ahaloacetamides in a number of different solvents.
It is unfortunate that not one set of conditions listed in Scheme 3.18 allowed for
the precipitation of the diamide dibromide salt, and each reaction resulted in a complex
mixture of mostly starting material and mono-alkylated product. If an effort to shift the
equilibrium towards the di-alkylated species, a-iodoacetamide was employed in both
CHCI3 and DMF, but with similar outcomes. Because of the success using methyl- and
allyl tosylate, it was decided in a last ditch effort to return to an alkyl-tosylate,
specifically a-(p-toluenesulfonyl)ethylglycolate (38).
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2. CHCI 3 /MeCN, Reflux, 7d
3. Toluene, Reflux, 60 h
4. Toluene, 75 °C, 60h
5. DMF, RT, 6d
6. TFMB, 100 °C, 3d
7. MeCN, Microwave, 180 °C, 30 min

Scheme 3.18: A number of different conditions were attempted to dialkylate 18 with abromoacetamide, all of which met with very limited success.

3.2.5.1 Preparation of a-(/j-toluenesulfonyl)ethylglycoIate (38)

The majority of the literature preparations of 38 called for low temperature
reactions between ethyl glycolate with p-toluenesulfonyl chloride in methylene chloride
and pyridine, giving purified yields in the range of 60-78%.S9~61 However, due to the
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straightforward conditions used for the preparation of allyl-/>-toluenesulfonate (Scheme
3.19), it was decided to again use the combination of diethyl ether and powdered sodium
hydroxide. Upon work-up, a white solid was isolated, and recrystallized from cold
diethyl ether. The overall purified yield was an improvement over reported values at
94%, with 'id NMR and melting point data that were consistent with the known literature
accounts.

O
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a.TsCI, Et 2 0, -20 °C, 1 5 m i n , N 2
^

b. NaOH powder, -20 °C, 3 h, N 2

o o

(94%)
38

Scheme 3.19: The conditions used to prepare 38 gave excellent yields and purity.

With 38 in hand, it was anticipated that the dialkylation of 18 would show
improvement over the previous trials using a-haloacetamides. Regrettably, this was not
the case. Upon the completion of reactions 1-3 listed in Scheme 3.20, 'H NMR analysis
of the product revealed mostly starting material. Even though each reaction was
homogenous throughout, only small traces of mono-alkylated product were evident and
absolutely no dialkylated material was observed. Only in reaction 4 did a significant
amount of mono-alkylated product form, though as was the case for the earlier attempts,
no dialkylated material was observed.
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Scheme 3.20: All attempts to dialkylate 18 with 36 were unsuccessful.

Due to the continued challenges associated with alkylation of 18, and the recently
discovered success of the microwave assisted DMSO/KO'Bu TV-de-allylation (Scheme
1.31), it was decided to abandon the direct alkylation approach. If deemed necessary,
additional trials with alternative alkylating agents and solvents may be fruitful. However,
this researcher is more than pleased with the jV-allyl protecting group, and wishes the best
of luck to any motivated chemist who endeavors to pursue the direct pendant-arm
alkylation of the C^-dibenzo-annelated bisaminal in the future.

3.2.6 The Synthesis and Characterization of 5,T2-6/s-(carbo-terf-butoxy-methyl)-2,9dibenzo-l,5,8,12-tetraazabicyclo[6.6.2Jtetradeca-2,9-diene(39)

As described earlier in this chapter, a microwave-assisted base-catalyzed Ndeallylation was carried out successfully to afford the desired 33 in high yield, but a
purification process had yet to be worked-out. Despite the presence of minor impurities,
33 was deemed suitable for use and was taken-on to the next step in the Weisman-Wong
protocol.27'28
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Scheme 3.21: The standard alkylation conditions called for in the Weisman-Wong protocol proved
compatible with the C2-dibenzo-annelated "diNH" system, as 39 was prepared in a 90% yield.

Using the standard alkylation conditions, 33 was stirred with tertbutylbromoacetate and sodium carbonate in acetonitrile at 60 °C. After a reaction time of
2 days, the crude product was isolated as an orange solid in a 97% yield (Scheme 3.21).
Analysis of the crude material by H NMR proved that the alkylation was a success,
though residual impurities from the starting material were apparent. In the course of
testing the solubility of 39 in various solvents, it was discovered that the impurities could
be easily washed away with a small amount methanol. The resultant white solid was
analyzed by 'H NMR and 13C NMR, which confirmed the purification of the material.
Overall, the reaction afforded 39 in 90% yield and high purity. Yet, it is worth
mentioning that the reaction conditions applied to this reaction were the first from the
Weisman-Wong protocol (Scheme 1.1) that were wholly suitable for the dibenzoannelated motif. Considering the limited success in purifying the "diNH" (33) starting
material, the ability to recrystallize 39 at this late stage in the synthesis is most
convenient. Moreover, due to the success of recrystallizing various dibenzo-annelated
intermediates (27, 36) from acetonitrile, attempts were made to attain X-ray quality
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crystals of 39 by this method. Sure enough, recrystallization from hot acetonitrile gave
large clear plates that were appropriate for X-ray analysis.
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Figure 3.3: The X-ray crystal structure of 39. The macrocyclic backbone maintains the expected twofold symmetry, though the pendant-arm orientation precludes an overall C2-symmetric structure.

The crystal structure of 39, illustrated in Figure 3.3, reveals hydrogen bonding
between the pendant-arm nitrogens (N2, N4) and the indicated C-H atoms of the ethylene
cross-bridge (C-H---N). The C/N2 and C/N4 distances are consistent with the C/N
measurements of 27 and 36 at 3.17 A and 3.15 A respectively. Intramolecular hydrogen
bonding has emerged as a common theme not only amongst C2/,-symmetric ligands 21
and 23 (N-H—N), but also in the dibenzo-annelated cross-bridged intermediates in this
synthesis. However, it is also interesting to note that unlike the previously discussed
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crystal structures of 27 and 36, the solid-state geometry of 39 does not exhibit overall C2symmetry. In fact, closer inspection of the macrocyclic framework does reveal 2-fold
symmetry between the two 10-membered rings, yet the orientation of the two carbo-/er/butoxymethyl pendant-arms prevents an entirely C2-symmetric macrocycle. This is
likely a result of crystal packing effects. Of note, this X-ray crystal structure was
determined by former Weisman-Wong group member Katie Heroux at UCSD under the
direction of Dr. Arnold Rheingold.

3.2.7 The Synthesis and Characterization of the i?z'.s-trifhioroacetate salt of 5,12-bis(carboxymethyi)-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (40)

The utility of 7V-carbo-/er/-butoxy-methyl pendant arms, and the subsequent
elimination-deprotection with trifluoroacetic acid (TFA) was first established by Y. Peng
-jo

on the cross-bridged cyclam system.

t

Using this approach, 39 was stirred in straight

TFA for 72 hours at room temperature. Residual TFA was removed by trituration with
diethyl ether, which gave the product as a white solid in 98% yield (Scheme 3.22).
Analysis by NMR supported that the elimination had occurred, though residual TFA and
ether were evident, and proved difficult to remove completely. Nevertheless, the TFA
salt of the desired C2-dibenzo-annelated-CB-TE2A (40) was realized, and taken on to
copper (II) complexation experiments.
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Scheme 3.22: TFA-catalyzed alkyl-oxygen cleavage of the tert-butyl ester gave 40 in excellent yield.

3.2.8 The Copper(II) Complexation of 5,12-i/s-(CarboxymethyI)-2,9-dibenzol,5,8,12-tetraaza-bicyc!o[6.6.2]tetradeca-2,9-diene (41)

The copper(II) complexation of 40 was carried out according to the conditions
utilized for CB-TE2A (Scheme 3.23)/" In order to ionize the carboxylic acid pendantarms, the pH of the 95% ethanolic solution of 40 was first adjusted from 2.0 to 6.0 by the
dropwise addition of IN aq NaOH. Once pH 6.0 was reached, a 95% ethanolic solution
of copper perchlorate hexahydrate (Cu(C104)2*6fi20)) was added dropwise, which gave
an immediate precipitate. Once heated, the reaction mixture formed a dark-blue
homogenous solution. After 18 hours, the reaction solvent was replaced with MeOH, and
the dark-blue solution placed in a diethyl ether diffusion chamber, which over the course
of a week afforded dark blue crystals. The deposited crystals were isolated, dried and
submitted for elemental analysis (CHN). Results of the analysis suggested a cocrystalline species consisting of the anticipated Cu11 complex (41) and sodium
perchlorate. This assessment is consistent with data obtained from the elemental analysis
of 12, which also co-crystallized with sodium perchlorate.24 In addition, IR analysis
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confirmed the formation of 41 with the presence of sodium perchlorate as indicated by
absorbance bands at 1095 and 622 cm'1. Unfortunately, the isolated blue crystals were
clustered and therefore unsuitable for X-ray analysis.
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Scheme 3.23: The Cu" complexation of 40.

The complexation of 40 was also performed using cupric chloride dihydrate
(CuCl2*2H20) (Scheme 3.24). The reaction conditions were analogous to the previous
complexation with Cu(C104)2#6H20, and after 19 hours at reflux, gave a dark blue
homogeneous solution. Interestingly, when placed in a MeOH/Et20 diffusion chamber,
small green crystal formed out of the blue solution. It was hypothesized that CI" was
playing a role in the coordination of the metal. Therefore, the crystals were redissolved
in MeOH and concentrated to dryness. In an effort to remove residual NaCl, the resultant
blue-green residue was taken up in hexafluoroisopropanol (HFIP) and stirred until a
white precipitate was observed, which was ultimately isolated and removed from the blue
solution via centrifugation. After concentrating the HFIP solution, the resultant blue
solid was taken up in methanol and again placed in a diethyl ether diffusion chamber.
Over the course of 3 weeks, light blue plates crystallized that were suitable for X-ray
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analysis. Unfortunately, despite the improved quality of these crystals, they failed to
diffract upon analysis.
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Scheme 3.24: Complexation of 40 with CuCl2 and subsequent HFIP wash afforded higher quality
crystals than those obtained from 41.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

This initial objective of this research was to complete the characterization of 32
by obtaining an X-ray crystal structure. Through the utilization of MeOTs, generation of
the dimethylated few-quaternary ammonium salt was improved (31), and a viable method
for future alkylations of 18 was established. Based on the reductive ring opening
conditions developed by Jeff Condon, the dibenzo-annelated cross-bridged motif 27 was
prepared and complexed with Cu" without difficulty. Using various methods to slow the
rate of diethyl ether diffusion, X-ray quality crystals were eventually obtained, and the
solid state structure of 32 determined. With an improved synthesis of 27 recognized, the
opportunity now exists for its complexation with a variety of other transition metals.
The synthesis of a C2-dibenzo-annelated-TE2A (40) was successfully completed.
Through the course synthesizing this second generation BFC a variety of synthetic
challenges were overcome. Due to the benzo-fused constitution of the macrocyclic
perimeter, the use of the iV-benzyl protecting group was not considered practical.
Therefore, the JV-allyl protecting group was selected, and 35 was successfully prepared
through the use of allyl tosylate. Unexpectedly, 35 proved incompatible with the
conventional reductive ring opening conditions, requiring the utilization of an alternative
reductive method. Ultimately, new aprotic reductive ring opening conditions were
developed, and 36 was realized through the use of NaBHbCN in acetonitrile.
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Deprotection of 36 was successfully performed via a microwave-assisted base-catalyzed
reaction yielding the key synthetic intermediate 33. With 33 in hand, the standard
protocol used for the jV-functionalization of cyclam and cyclen was used, successfully
yielding 39 and 40.
Despite the success of this new synthetic protocol, there remain a number of areas
where improvement is required. First, all attempts to recrystallize 35 were unsuccessful,
leaving trace amount of mono-JV-allylated material to be used in the reductive ring
opening. The presence of any mono-alkylated material results in the formation of the
adjacent-bridged species, and a lower overall yield. In addition, the use of NaBHsCN in
the reductive ring opening generates highly toxic HCN (g). For purposes of safety, the
efficacy of NaBH(OAc)3 in acetonitrile should be investigated.
Due to the poor solubility of 27 in most polar solvents, Condon's attempts to
complex Li+ were unsuccessful. However, 36 has demonstrated excellent solubility in a
number of polar aprotic solvents, and making it a promising candidate for Li+
complexation experiments.
As it currently stands, an efficient purification of 33 has yet to be performed.
This is perhaps the most crucial component in the overall synthesis that needs to be
addressed. Considering that the pendant-arm alkylations of 33 proceed quite cleanly, an
absolutely pure "di-NH" ligand is essential. This can be accomplished in a number of
ways, though formation and recrystallization of an ammonium salt might be the easiest.
Unfortunately, all attempts at recovery of a purified free ligand from the
tetraphenylborate salt (37) were unfruitful, though the use of an alternative salt (BF4",

70

PF6", etc.) may be worthwhile. Equally, column chromatography is another promising
method for this purification, and should be attempted.

CHAPTER V

GEOMETRY OPTIMIZATION & NATURAL BOND ORBITAL ANALYSIS OF
THE CONFORMATIONAL DIASTEREOMERS OF C2-DIBENZO-ANNELATED
CYCLAM-GLOXAL ADDUCT

5.1 Introduction

The Weisman-Wong synthetic methodology developed towards cross-bridged
cyclam and cyclen systems is highly reliant upon the regioselective dialkylation of the
cw-fused tetracyclic bisaminal 6 (Scheme 5.1). The source of the observed high
regioselectivity can be rationalized upon conformational analysis of the C2-symmetric 6,
which contains two sets of nomotopic nitrogens, each of which can be distinguished by
the fashion in which their lone pairs are orientated with respect to the ligand cleft.
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Scheme 5.1: The regioselective dialkylation of the cyclam-glyoxal adduct.

For example, one set of amino-lone pairs reside on the convex face of the
molecule, or exo to the ligand cleft, while the other set of nitrogens direct their lone pairs
inwards towards the cleft, or endo. This concave orientation leaves the endo-lone pairs
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sterically secluded to alkylation, and as a result the regioselective alkylation occurs at the
exo-oriented nitrogens.

R-X
MeCN

Scheme 5.2: The diamond-lattice conformation of 6 exists as a pair of interconverting enantiomeric
conformers. The endo-exo lone pair orientation dictates the regioselectivity of the dialkylation. 24

It should be added that the enantiomerization of the exo-endo nitrogens is fast on
the laboratory timescale. However, upon the initial alkylation the exo-nitrogen is
quaternized, locking the conformation of the molecule. The second alkylation, which is
relatively slower than the first, occurs at the second exo-nitrogen (Scheme 5.2). Once the
to-quaternary ammonium salt is generated, it is subjected to the reductive ring expansion
giving the bicyclo[6.6.2] cross-bridged cyclam macrocycle (Scheme 1.1, Ch. 1).
Based on conformational analysis of 6, it was anticipated that the dialkylation of

18 would also be regioselective. However, with the realization of the C2-dibenzoannelated bisaminal, additional factors had to be considered. First, if the same high level
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of regioselective alkylation were to occur, which nitrogens would become alkylated?
More specifically, which lone pair type (amino or anilino) would protrude from the
convex face of a czs-fused dibenzo-annelated cyclam-glyoxal adduct. As illustrated in
Scheme 5.3, the lone pair orientation would not only determine which type of nitrogens
would be alkylated, but would incidentally establish the constitutional nature of the
resultant cross-bridged species. This chapter revisits the conformational diastereomers of
18 by building on the computational investigations initiated by Jeff Condon, and
supplements his findings with alternative forms of computational analysis.

Scheme 5.3: The regioselective dialkylation ultimately determines the constitutional nature of the
cross-bridged species.
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5.2 Background

The C2/,-symmetric dibenzocyclam (21) was first reported by Mattes and
coworkers in 1996.33 Subsequent metal complexation studies described by Lindoy and
coworkers concluded that the dibenzo-annelated cyclam ligand adopted both cis and
?ram-coordination geometries, and did not discriminate between various transition
metals.

Based on the ligand design methodology developed by Weisman, Wong, and

coworkers, it was hypothesized that a dibenzo-annelated cross-bridged cyclam analogue
would display improved metal selectivity, and exclusive cis-V coordination geometries.24
Since the regioselective dialkylation of the bisaminal (18) is critical step in the overall
synthesis of the cross-bridged motif, it was necessary to first determine the orientation of
the anilino- and ammo-nitrogen lone pairs relative to the cleft of the ligand.
As previously described in the opening chapter of this report, Condon prepared 18
from an aqueous glyoxal condensation with 21 in refluxing MeOH. Analysis by NMR
suggested the presence of a two-fold, single symmetric compound, but information
regarding the overall conformation of the ligand was not clear. In order to elucidate the
orientation of the nitrogen lone pairs, potential czs-fused conformations were considered
for computational analysis.
Condon carried out various force field minimizations on the two conceivable
diastereomeric conformations of 18 (the unlikely third would arrange a piperazine ring in
a twist-boat conformation). Both conformations are C2-symmetric, and contain two pairs
of homotopic nitrogens (amino and anilino). They differ by the fashion in which their
lone pairs are oriented relative to the molecular cleft. The amino-lone pairs of the first
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diastereomer are directed exo relative to the molecular cleft (milmo-endo), whereas the
second diastereomer adopts the opposite orientation, directing the am'/wo-nitrogen lone
pairs exo to the cleft (amino-endo) (Figure 5.1). For the purpose of this report, the
isomers will be referred to with respect to the orientation of the amino-nitrogen lone pair.
For instance, the 18 isomer on the left hand side of Figure 5.1 will be designated as the
18-exo conformer. Similarly, the second isomer will be referred to as the IS-endo
conformer.

Anilino-exo
Ami no-ex o

Figure 5.1: Seen here are the two diastereomeric conformations of 18; note that on the 18-exo-isomer
the lone pairs of the amino nitrogens are directed outward from the cleft of the molecule.
Alternatively, on the 18-ewrfo-isomer the amino-lonc pairs are directed into the cleft, which has the
effect of flattening the overall conformation.

Using empirical force field calculations (MM2, MMFF) and semi-empirical
molecular orbital calculations (AMI, PM3), the relative energies of the two
diastereomeric conformations were determined. All computational methods used
indicated that the 18-exo conformer was lower in energy relative to it's lS-endo
counterpart. This gas phase molecular modeling data was in agreement with solid state
information obtained by Condon, as he successfully recrystallized 18 from hot benzene,
giving crystals that were suitable for X-ray analysis. From a synthetic perspective, this
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conformation is preferred as the amino nitrogens are more nucleophilic, where as the
anilino-nitrogens experience a degree of electron derealization, thereby diminishing
their nucleophilic character. Therefore, upon alkylation the exo-oriented amino (~sp3)
nitrogens are more likely to undergo quaternization relative to the anilino (more planar)
nitrogens.
An additional interesting feature of the cis-fused tetracyclic bisaminal motif is its
coordination chemistry. Busch and coworkers have published square planar Pd(Il)
complexes of the cyclam and cyclen bisaminal ligands,62 indicating the possible use of 18
as a bidentate metal chelator. It was envisioned that the benzo-fused rings of the C2symmetric chelator would induce a steric bias about the metal, rendering a chiral, square
planar Pd(II) complex with potential for applications in the realm of asymmetric
catalysis. With this in mind, Condon successfully prepared a Pd(ll) complex with 18,
and obtained X-ray quality crystals. Analysis by 'H and 13C NMR, UV-Vis, and
elemental analysis supported the formation of the complex as a hemi-hydrate, as did the
solid state analysis of the crystal structure which revealed the coordination mode as
square planar.29 However, upon complexation all four nitrogens experienced an
inversion such that the resultant donors were the amino-type nitrogens. This is an
interesting phenomenon, as a diastereomerization of the ligand gave way to the higher
energy conformation (18-endo). Consequently, the stronger field amino-nitrogens
coordinate the metal leaving the anilino-nitrogens exo to the cleft. As will be discussed
in the results and discussion section of this chapter, the higher energy conformation takes
the anilino lone pairs out of alignment with the 71-system of the aromatic ring, and instead
orients them as to maximize the degree of hyperconjugation between the aminal (Ne.Y0-C-
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Nem/o) moieties. The diastereomerization also causes the benzene rings to spread outward
from the cleft, effectively flattening the ligand and eliminating the steric bias present in
the dominant low energy conformer. Unfortunately, without the steric influence of the
benzene rings the potential use of this complex as an asymmetric catalyst is less likely.

5.3 Results and Discussion

Since Condon's original computational studies, significant advances have been
made in the field of computational chemistry. Now more than ever, high level
calculations can be performed on a personal computer with more user-friendly molecular
modeling software, improved computational methods, and a wider variety of basis sets.
With this in mind, the structural and chemical properties of 18 still present some very
interesting opportunities for further conformational and energetic studies that may
facilitate future empirical investigations. Of particular interest is the molecule's
preference for one of two conceivable diastereomeric conformations (Figure 5.2).

N-,

18-exo

18-endo

Figure 5.2: The two conformational diastereomers of 18 are distinguished by the orientation of their
respective amino and anilino-nitrogen lone pairs.
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In order to acquire more accurate relative energetic data (gas phase and solvent
models), density functional theory (DFT) was used to calculate the relative energies of
the two optimized diastereomeric conformations. In addition, application of natural bond
orbital (NBO)63 calculations on B3LYP/6-31+G*-optimized geometries provided
additional insight as to the extent of electron derealization within the macrocycle.
As previously stated, Condon performed low level empirical force field
calculations (MM2, MMFF) and semi-empirical MO calculations (AMI, PM3) on the
exo and endo conformers of 18.29 In order to improve upon these calculations, both
diastereomers were first modeled and optimized in Spartan '04 at the semi-empirical
AMI level. The optimized structures were then imported and re-optimized in Gaussian
03 using DFT at the B3LYP/6-31+G* and B3LYP/6-311+G** levels.64 The relative
energies of both conformers are listed in Table 5.1.

Calculation
MM2 (steric energy)
MMF (AHf)
AM1 (AHf)
PM3 (AHf)
DFT-B3LYP/6-31G*
DFT-B3LYP/6-311G**

exo-conformer
(kcal mol"1)
20.5
109.3
109
64.5
-994.39452 a.u.
-994.61196 a.u.

endo-conformer
(kcal mol"1)
24.6
113.8
113.5
68.1
-994.39011 a.u.
-994.60695 a.u.

AE (endo-exo)
(kcal mol"1)
4.1
4.5
4.5
3.6
277
3.14

Table 5.1: The relative energies of the conformational diastereomers of 18 were calculated in
Gaussian.64 The lower level force field and semi-empirical MO calculations were previously
calculated by Condon using CS Chem 3d Pro and Wavefunction's Spartan.29

For each calculation, the 18-exo-conformer was consistently the lower energy
conformer of the two. These results can be rationalized by considering that the anilinolone pair orientation of this conformer is better aligned with the 7r-system of the aromatic
ring. In addition, the exo-alkylation of the 18-exo conformer involves the quaternization
of the amino nitrogens, which is more energetically favorable than the alternative
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quaternization of the anilino-type nitrogens. Furthermore, the endo-oriented anilino lone
pairs are both resonance delocalized and sterically confined within the cleft, precluding
an endo-alkylation.
However, as previously described, the X-ray crystal structure of the 18-PdBr2
complex reveals the metal coordinated by the amino-nitrogens of the 18-endo conformer.
This diastereomerization required that the ligand overcome the difference in
conformational energies listed in Table 5.1, allowing the stronger amino-donors to
complex the metal, and thereby twisting the anilino-nitrogens out of conjugation.
The degree of conjugation between the anilino lone pairs and the benzene ring can
be qualitatively predicted by observing the difference in the dihedral angles between exo
and endo conformers. For example, the exo-conformation contains a dihedral angle
measuring 21.4° (5C-4N-37C-41C), which lends itself to lone pair derealization. By
comparison, the ew/o-conformation has an increased dihedral angle of 75° (21C-4N-5C11C), which in effect takes the lone pair out of conjugation (Figure 5.3).

Figure 5.3: The 18-exo isomer contains a dihedral angle of 21.4°, contributing to anilino-lone pair
derealization about the benzene ring.
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The degree of hyperconjugation across the aminal moiety can also be predicted by
considering the alignment of the nitrogen lone pairs relative to the a* orbital of the
adjacent carbon and the N-C-N bond lengths. For example, the anti-periplanar
orientation of the amino lone pair on the 1%-exo conformer (lp-N-C-N) lends itself to
hyperconjugation with the C-N(anilino)o* of the aminal carbon. Yet, to gain a more
quantitative understanding of the extent of lone pair derealization and hyperconjugation,
both optimized diastereomers were subjected to a full NBO 3 analysis.
However, before the results of the analysis are presented, a brief explanation of
how the data is generated is necessary. The energetics obtained from NBO calculations
is generated through a multi-step localization scheme, where first the core orbitals and
lone pairs are localized into natural atomic orbitals (NAOs). The orbitals involving
bonding between pairs of atoms are localized by using only the basis set atomic orbitals
(AOs) of these atoms. The remaining Rydberg-like orbitals are identified and all orbitals
arc made orthogonal to one another. Lastly, all NAOs and Rydberg orbitals are described
using the basis set AOs of two atoms.
This multi-step localization scheme allows us to analyze an orbital picture that is
as close as possible to a classical Lewis structure model for a molecule. For example, the
data generated elucidates the hybridization of lone pairs, and determines each atoms
contribution to its bond orbitals. In addition, population analysis permits the derivation
of partial atomic charges and the rationalization of certain chemical phenomena in terms
of filled orbital/empty orbital interactions. 65 In all, this is an extremely useful tool for

organic chemists as it provides reliable, quantitative data that can be applied to the
qualitative yet tremendously practical Lewis structure interpretation of organic
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molecules. As it relates to this conformational investigation, the data will yield a more
quantitative assessment of the extent of anilino-electron derealization, and the
hyperconjugative (anomeric type) interaction in the aminal functionality; both of which
will provide insight to the energetic status of each diastereomer.

DFT B3LYP/6-31G* NBO Analysis on the 18-exo-diastereomer
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis
Donor NBO (i)
Exo-amino nitrogen
85. LP ( 1 N 14
85. LP ( 1 N 14
85. LP( 1 N 14
85. LP(1 N 14
14
85. LP ( 1
14
85. LP( I
14
85. LP ( 1
14
85. LP ( 1
Endo-ani ino nitrogen
82. LP ( 1
82. LP ( 1
82. LP ( 1
82. LP ( 1
82. LP ( 1
82. LP ( 1
82. LP ( 1

Acceptor NBO (j)

E(2) E<])-E(i) F(i j )
kcal/mol a.u. a.u.

/445.
/453.
/457.
/464.
/465.
/466.
/486.
/487.

BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1

C2-C6
N4-C6
C 6 - H 10
C 1 5 - H 16
C 1 5 - H 17
C 1 5 - C 18
C 34 - H 36
C34-C38

0.56
11.51
1.25
1.36
8.47
0.59
2.48
6.56

0.60
0.61
0.65
0.67
0.67
0.66
0.67
0.71

0.017
0.076
0.026
0.028
0.069
0.018
0.037
0.063

/445.
/448.
/455.
/456.
/457.
/458.
/489.

BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*( 1
BD*(2

C2-C 6
C3-C5
C5-H 9
C 5 - H 12
C 6 - H 10
C 6 - N 14
C37-C38

1.63
1.01
8.24
1.40
7.04
1.23
29.09

0.58
0.64
0.64
0.65
0.64
0.61
0.30

0.029
0.024
0.068
0.029
0.063
0.026
0.088

Table 5.2: This abridged second-order perturbation analysis estimates the donoracceptor (bond-antibond) interactions in the NBO basis. Defined elements: E(2) =
stabilization energy associated with 2 electron stabilization (i—>j), F(i,j) = offdigonal NBO Fock matrix element.63

From the data gathered through NBO analysis, one can observe the degree of
anilino-lone pair derealization about the benzene rings, as well as the extent of
hyperconjugation between Nev0CNe„rf0 aminal bonds (Table 5.2). For instance, note the
favorable energetics associated with the anilino-4N-lone pair donation to the accepting
anti-bonding orbital of the ipso-3JC (29.09 kcal/mol). This data also supports the
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hypothesis that anilino-lone pair derealization slows the formation of iminium ion
during the reductive ring opening discussed in chapter one.

Figure 5.4: The anti-periplanar alignment of the amino lp-14N-C6-4N aminal of the 18-exo
conformer leads to favorable hyperconjugation. This alignment (6N-1C-4N) does not exist in the 18endo conformer.

In addition, one can observe the degree of the hyperconjugation between the
amino-14N-lone pair and the a* orbital of the aminal 6C carbon (11.51 kcal/mol). This
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hyperconjugative interaction is facilitated by the 14N-lone pair's anti-periplanar
relationship with the polarized 4N-6C bond (Figure 5.4), and gives rise to structural
anomeric effects exhibited in bond length comparison. Solid state data obtained from the
X-ray structure of lS-exo measures the 14N-6C bond length at 1.457 A, which is
expectedly shorter than the 4N-6C bond at 1.480 A.29
The NBO data generated from the 18-endo conformer also supports its higher
energy status. As anticipated from the dihedral measurement (Figure 5.3), the
stabilization energy associated with the donor-acceptor interaction between the anilino4N and the ipsoSC is 10.73 kcal/mol, significantly less than the 29.09 kcal/mol reported
in the 18-exo-conformation (Table 5.3).

DFT B3LYP/6-31G* NBO Analysis on the 18-e«<fo-diastereomer
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis
Donor NBO (i)
Endo-amino nitrogen
83. L P ( 1 ) N 6
83. L P ( 1 ) N 6
83. L P ( 1 ) N 6
83. L P ( 1 ) N 6
83. L P ( 1 ) N 6
83.LP(1)N6
Exo-anilino nitrogen
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) N 4
82. L P ( 1 ) M 4
82. L P ( 1 ) N 4

Acceptor NBO (j)

E(2) E(j)-E( i) F(ij)
kcal/mol a.u. a.u.

/445. BD*(1)C 1 - N 4
/447. BD*(1)C 1 - H 4 3
/458. B D * ( 1 ) C 7 - H 8
/459. BD*(1) C 7 - H 9
/480. BD*(1) C 27 - H 41
/481.BD*(1)C27-H42

3.13
6.56
1.75
7.04
1.31
7.50

0.64
0.71
0.72
0.68
0.71
0.69

0.041
0.062
0.032
0.063
0.028
0.066

/444. BD*(1)C 1 - C 2
/446. BD*(1)C 1 - N 6
/447. BD*(1)C 1 - H 4 3
/ 4 5 3 . B D * ( 1 ) C 5 - C 10
/454. BD*(2) C 5 - C 10
/ 4 5 5 . B D * ( 1 ) C 5 - C 11
/457.BD*(1)N6-C27
/475.BD*(1)C21 - H 2 2
/476. BD*(1)C21 - H 2 3
/477. BD*(1)C21 - C 2 4

0.57
9.72
1.19
4.97
10.73
1.45
0.62
7.03
0.63
1.15

0.64
0.62
0.70
0.85
0.31
0.84
0.63
0.71
0.71
0.68

0.018
0.071
0.027
0.060
0.055
0.032
0.018
0.065
0.020
0.026

Table 5.3: The abridged second-order pertubation theory analysis of the 18-endo conformer.
Defined elements: E(2) = stabilization energy associated with 2 electron stabilization (i—>j), F(i,j) =
off-digonal NBO Fock matrix element.63
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Interestingly, the hyperconjugative interaction across the aminal bonds is reversed
in the 18-endo conformer. For example, the stabilization energy associated with
hyperconjugation from the amino-N6-lone pair to the C1-N4 bond measures 3.13
kcal/mol, far less favorable than the energetics associated with the 4N to 1C-6N bond at
9.72 kcal/mol.

wr

wmn wmm

Figure 5.5: Surface maps of the negative electrostatic potential on the 18-exo conformer.
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Also in agreement with the NBO generated data is surface electrostatic potential
maps of the both conformers generated in Spartan '04. In the 18-exo conformation, the
negative electrostatic potential is localized on the exo-oriented amino nitrogens. Within
the cleft, the negative electrostatic potential is clearly delocalized from the anilinonitrogens into the aromatic Ti-system (Figure 5.5).
Figure 5.6 displays the IS-endo conformation, in which the negative electrostatic
potential localized on the amino-nitrogens is contained within the cleft of the molecule.
Alternatively, the negative electrostatic potential on the anilino-nitrogens is extended into
the aromatic ring on the convex face of the ligand (though not to the same degree as in
the lS-exo conformer, as the anilino-lone pairs are twisted out of alignment with the nsystem).

Figure 5.6: The surface map of the negative electrostatic potential on the 18-endo conformer.

Overall, the relative energies associated with the optimized conformational
diastereomers of 18 are in agreement with those energies obtained by Condon.
Furthermore, the data generated from the NBO analysis gives insight into the difference
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in energy between the two conformers, and provides a quantitative rationalization of the
observed structural anomeric effects.
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CHAPTER VI

EXPERIMENTAL SECTION

6.1 General Methods
Melting Points (mp) were recorded on a Thomas Hoover capillary melting point
apparatus and are uncorrected.
Infrared Spectra (IR) were run on a Nicolet MX-1 FT-1R spectrometer with EZ OMNIC
6.0a software. Absorptions are reported in wavenumbers (cm").
'H NMR Spectra ( ] H NMR) were acquired on Varian NMR spectrometer systems
operating at 500 MHz with VNMR 6.1c software. Chemical shift (5) values are reported
in parts per million (ppm) relative to Me4Si (TMS) unless otherwise noted. Coupling
constants (J values) are reported in Hertz (Hz).
I3

C NMR Spectra ( l3 C NMR) were acquired on a Varian NMR spectrometer system

operating at 125.7 MHz with VNMR 6.1c software. Chemical shift (5) values are
reported in parts per million (ppm) relative to Me4Si (TMS) unless otherwise noted.
Low Resolution Mass Spectra (LRMS) were performed by the University of New
Hampshire Instrumentation Center on a Hitachi-Perkin-Elmer RMU-60 mass
spectrometer.
Electrospray Ionization Mass Spectra (ESIMS) was obtained on a Thermoquest LCQ
mass spectrometer at the University of New Hampshire.
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High Resolution Mass Spectra (HRMS) Compounds (33,35-37,39,40) were analyzed
by the Department of Chemistry and Biology at the University of Notre Dame using a
JEOL AX505HA high resolution mass spectrometer.
X-Ray Crystallography (X-Ray) was performed by Jonathan M. White at the University
of Melbourne, Parkville, Australia (compound 32), and Arnold L. Rheingold (compounds
27, 36 and 37) and Katie Heroux (compound 39) at the University of California, San
Diego, La Jolla, California, USA, for compounds
Microwave Synthesis Compounds 35 and 36 were prepared in a CEM Discover® research
scale manual microwave synthesizer using Synergy v. 1.21 software.
Molecular Modeling All calculations on compound 18 were performed on a Dell
Optiplex GX 280 operating with an Intel® Pentium® 4 CPU at 3.40 GHz and 2.00 GB
RAM. Molecular modeling was performed with Wavefunction Inc.'s Spartan '04.
Geometry optimizations and single point energies were calculated with Gaussian Inc.'s
Gaussian® 03W Version 6.0.
Centrifugation: was performed on an International Equipment Company International
Clinical Centrifuge Model CL.
Elemental Analysis (CHN) was performed by Atlantic Labs Inc., Georgia, USA.
pH Measurements were performed on a Hanna Instruments HI 221 microprocessor-based
pH/mV/°C bench meter.
Ultra-Violet Visible Spectra (UV-Vis) were taken on a Varian Carey 5E UV-Vis-NIR
spectrophotometer. Absorbance maxima are reported in nanometers (nm).
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6.2 Solvents
Absolute Ethanol (EtOH, ACS/USP grade) was obtained from Pharmco Products Inc. and
was used without further purification.
Acetonitrile (CH3CN) was obtained from EMD Chemicals Inc. and stored in an
Innovative Technology Inc. Pure-Solv Solvent Purification System. Prior to use, the
solvent was passed through the system's silica column under low pressure to remove
trace impurities.
Benzene (C6H6, ACS grade) was obtained from EMD Chemicals Inc. and was used
without further purification.
Chloroform (CHCI3, HPLC grade) was obtained from EMD Chemicals Inc. and was used
without further purification.
Diethyl Ether (Et 2 0) was obtained from EMD Chemicals Inc. and stored in an Innovative
Technology Inc. Pure-Solv Solvent Purification System. Prior to use, the solvent was
passed through the system's silica column under low pressure to remove trace impurities.
Dimethyl Sulfoxide: (DMSO, ACS grade) was obtained from EMD Chemicals Inc. and
was stored over 3A molecular sieves.
Deuterated NMR Solvents were obtained from Cambridge Isotope Laboratories and
stored over 3A molecular sieves.
Ethanol (95% EtOH, ACS grade) was obtained from EMD Chemicals Inc. and was used
without further purification.
Methanol (MeOH, Reagent/ACS/USP/NF grade) was obtained from Pharmco Products

Inc. and stored in an Innovative Technology Inc. Pure-Solv Solvent Purification System.
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Prior to use, the solvent was passed through the system's silica column under low
pressure to remove trace impurities.
Tetrahydrofuran (THF) was obtained from EMD Chemicals Inc. and stored in an
Innovative Technology Inc. Pure-Solv Solvent Purification System. Prior to use, the
solvent was passed through the system's silica column under low pressure to remove
trace impurities.
Toluene (PhCH3, ACS grade) was obtained from EMD Chemicals Inc. and stored in an
Innovative Technology Inc. Pure-Solv Solvent Purification System. Prior to use, the
solvent was passed through the system's silica column under low pressure to remove
trace impurities.
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6.3 Reagents
2-ChIorobenzaldehyde was obtained from Aldrich Chemical Company.
Allyl Alcohol was obtained from Aldrich Chemical Company.
Allyl-p-Toluenesulfonate - Was prepared using a variation on a literature procedure. 52 ' 53
The reagent was shielded from light and stored at -7 °C.
Copper Powder (Cu°) was obtained from Fisher Scientific Company.
Cupric Chloride Dihydrate was obtained from Aldrich Chemical Company.
Cupric Perchlorate Hexahydrate was obtained from Aldrich Chemical Company.
Diatomaceous Earth (Celite® 545) was obtained from Aldrich Chemical Company.
Ethylenediamine was obtained from Aldrich Chemical Company.
Formic Acid (HCO2H) was obtained from Fisher Scientific Company.
Glyoxal (40% aq) was obtained from Aldrich Chemical Company.
Hexafluoroisopropanol (HFIP) was obtained from Aldrich Chemical Company.
Hydrochloric Acid (12 M HC1) was obtained from Fisher Chemical Company and was
used without further purification.
Methyl Trifluoromethanesulfonate (MeOTf. >97%) was obtained from Fluka Chemika
and stored at -7 °C.
Methyl-p-Toluenesulfonate (MeOTs) was obtained from Aldrich Chemical Company.
Potassium Hydroxide (KOH) was obtained from EMD Chemicals Incorporated.
Potassium ferf-Butoxide (KO'Bu) was obtained from Aldrich Chemical Company.
Sodium Borohydride (NaBH4) was obtained from Aldrich Chemical Company.
Sodium Cyanoborohydride (NaBHsCN) was obtained from Aldrich Chemical Company.
Sodium Hydroxide (NaOH) was obtained from EM Science Company.
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Sodium Sulfate (Na2S04) was obtained from Fisher Chemical Company.
Sodium Tetraphenylborate (NaBPbn) was obtained from J.T. Baker Chemical Company.
p-Toluenesulfonyl Chloride (TsCl) was obtained from Aldrich Chemical Company. It
was routinely recrystallized from cold petroleum ether/CHCl3, and stored at -10 °C prior
to use.
ferf-Butyl Bromoacetate, (98%) was obtained from Sigma-Aldrich Inc.
Tetrabutylammonium Tribromide (TBABr3) was obtained from Fluka Chemie AG.
Trifluoroacetic Acid (TFA, 99%) was obtained from Alfa Aesar.
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6.4 Syntheses
Note: All routine solvent evaporations were carried out on a standard rotary
evaporator using aspirator pressure unless otherwise noted. All reactions were carried
out under N2 atmosphere unless otherwise noted.

(13ba, 13ca)-6a,13a-Dimethyl-5,6,7,12,13,13b,13c,14-octahydro-6a,13adiazonia-4b,llb-diazadibenzo[Z>,<fe/]chrysene ditosylate • hemihydrate (31) A 100
mL round-bottom flask was equipped with a condenser, oil bath, stir bar, and N2 inlet. To
13.27 mL (87.94 mmol) methyl p-toluene sulfonate was added 2.80 g (8.79 mmol) of
(13ba, 13ca)-5,6,7,12,13,13b,13c,14-octahydro-4b,6a,llb,13a-tetraazadibenzo[6,c/e/]chrysene (18). The mixture was stirred for 3 days under a N2 atmosphere at 130
°C. Through the course of the reaction the off-white mixture remained heterogeneous.
The light brown solid product was washed with diethyl ether and isolated via vacuum
filtration. Removal of residual solvent gave a light brown solid (5.79 g, 8.38 mmol,
95%): mp 282-284 °C (dec); 1H NMR (DMSO-d6, 500 MHz ) 5 2.28 (s, 6H, p-CH3),
3.54 (s, 6H, N + Ci^), 3.61-3.77 (m, 6H), 4.30-4.39 (m, 2H), 4.92 (B of AB, 2H, J= 15.6
Hz), 4.96 (A of AB, 2H, J= 15.6 Hz), 5.76 (s, 2H, N + C#N), 7.03-7.07 (~tm, 2H), 7.087.12 (XX' of AA'XX', 4H), 7.16-7.22 (m, 4H), 7.37-7.42 (m, 2H), 7.44-7.48 (AA' of
AA'XX', 4H); 13C{1H} NMR (DMSO-d6, 125.68 MHz) S 21.47 (2C), peak under
DMSO, visible in DEPT-135 of corresponding diiodo salt 26,29 48.21, 51.29, 64.24, 71.0,
113.83, 114.59, 121.76, 126.14 (2C), 127.82, 128.78 (2C), 130.53, 138.40, 139.56,
146.23; IR(KBr) 3435, 3033,2974,2352, 1603, 1491, 1400, 1310, 1204, 1120, 1016 cm"
'; HRFABMS, m/z (M+H)+ exact mass for C36H43N4O6S2: 699.260; Found 691.2624
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(error -0.8 mmu/-1.2 ppm); Anal Calcd for C^HUaN^Ss • 0.5 H 2 0: C, 61.78, H, 6.19, N,
8.01; Found: C, 61.78, H, 6.19, N, 8.00.

5,12-Dimethyl-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene
(27) In a 2-neck round-bottom flask (13ba, 13ca)-6a,13a-dimethyl5,6,7,12,13,13b,13c,14-octahydro-6a,13a-diazonia-4b,llb-diazadibenzo- [b,dej]chrysex\e
ditosylate (31) (312.7 mg, 0.52 mmol) was combined with 95% EtOH (13 mL). This
heterogeneous mixture was cooled (ice/H 2 0) and NaBtLj powder (395.5 mg, 10.46
mmol) was added in small batches with stirring. The mixture was refluxed for 20 h to
give a homogeneous solution. The solution was cooled (ice/H 2 0), H2O was added (10
mL) and the pH was adjusted to 1 by the dropwise addition of 3M HC1. The solvent was
then removed under reduced pressure. The residual white paste was dissolved in 15 mL
H2O and stirred for 15 minutes. The pH was then adjusted to 14 by addition of KOH
pellets and the basic solution was extracted with toluene (3 x 100 mL). The combined
organic extracts were dried (Na2S04) then concentrated by rotary evaporation to give the
product as an orange solid, which was recrystallized from hot MeCN. (179.5 mg, 0.5121
mmol, 92%): mp 182-184 °C; ] H NMR (C6D6, 500 MHz) 5 2.06 (dt, 2H, J= 13.9 2.7
Hz), 2.25 (s, 6H, NC//3), 2.45 (ddd, 2H, J= 13.4, 11.0, 2.0 Hz), 2.80 (ddd, 2H, J= 13.4,
11.0 Hz, 2.4 Hz), 2.79-2.87 (m, 2H, XX' of AA'XX'), 2.89 (d, 2H, X of AX, J= 11.5 Hz),
3.76-3.83 (dm(~dt), 2H, J= 15.0 Hz), 4.36-4.46 (m, 2H, AA' of AA'XX'), 5.56 (d, 2H, A
of AX, J - 11.5 Hz), 6.91-6.96 (m, 2H), 7.14-7.22 (m, 6H); 13C{1H} NMR (C6D6, 125.68
MHz) 8 44.31 (NCH3), 56.52 (C7,i4), 58.88 (C6,,3), 59.54 (C 4 ,n), 60.82 (Cis.ie), 122.15
(C2a,9a), 122.55 (C2c,9c), 128.30 (C2b,9b), 133.01 (C2d>9d), 136.38(C3,,0), 153.39(C2,9); IR
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(KBr) 2934,2837, 2795, 1484,1451, 1379, 1308,1212,1192, 1138, 1056 cm"1. Spectral
data are consistent with those reported by Condon,29 who prepared the compound from
the precursor diiodide salt (26) rather than the ditosylate salt (31). Subsequent to
recrystallization from hot acetonitrile, X-ray quality crystals were obtained by slow
evaporation from benzene under an N2 atmosphere.

5,12-Dimethyl-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene
• cupric chloride • dihydrate (32). A mixture of 5,12-Dimethyl-2,9-dibenzo-l,5,8,12tetraazabicyclo[6.6.2]tetradeca-2,9-diene (27) (65.4 mg, 0.184 mmol) and CuCl2-2H20
(31.4 mg, 0.184 mmol) in MeOH (10 mL) was refluxed for 15h. The resulting dark green
solution was filtered through diatomaceous earth. The filtrate was subjected to Et20
diffusion, whereupon the product was isolated as square dark green crystals (51.8 mg,
0.107 mmol 58%). X-ray crystals were obtained from Et20 diffusion into a solution of
MeOH. IR (KBr) 3268, 2925, 2887, 1492, 1456, 1451, 1060 cm'1. These 1R spectral
data are consistent with those reported by Condon, who also reported elemental analysis
and UV-VIS spectral data.29

(13ba, 13ca)-6a,13a-Diallyl-5,6,7,12,13,13b,13c,14-octahydro-6a,13adiazonia-4b,llb-diazadibenzo[£,</e/]chrysene ditosylate (35). A 5 mL round bottom
flask was equipped with a stir-bar, oil bath, condenser, and N 2 inlet. To 466.6 mg (2.20
mmol) allyl-p-toluenesulfonate (34)was added 70.0 mg (0.220 mmol) (13ba, 13ca)5,6,7,12,13,13b,13c,14-octahydro-4b,6a,llb,13a-tetraazadibenzo[6,(ie/]chrysene. The
mixture was stirred for 72 hours at 60 °C. While still warm the resultant brown
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homogenous solution was transferred to a 25 niL round bottom flask where it was stirred
in 20 mL of diethyl ether until a uniform white suspension was observed. Excess
alkylating agent was removed by trituration with diethyl ether, centrifugation, removal of
the supernatant Et20 solution; and re-trituration with ether. Residual solvent was
removed via rotary evaporation to give an off-white solid (153.3 mg, 0.210 mmol, 94%):
mp 110-114°C (dec); ] H NMR (DMSO-d6, 500 MHz) 5 2.29 (s, 6H,/?-C// 3 ), 3.60-3.76
(m, 6H), 4.31-4.36 (m, 2H), 4.43-4.49 (m, 2H, C// 2 CH=CH 2 ), 4.68-4.76 (m, 2H,
Gtf2CH=CH2), 4.85 (B of AB, 2H, J= 15.6 Hz), 4.99 (A of AB, 2H, J= 15.6 Hz), 5.80
(s, 2H, N+CHN), 5.84 (d, 2H, J= 10.5 Hz, CH 2 CH=CH// Z ), 5.93 (d, 2H, J= 16.8 Hz,
CH 2 CH=CH// £ ), 6.18-6.28 (m, 2H, CH 2 C//=CH 2 ), 7.04-7.08 (tm, 2H, J = 7.4 Hz), 7.087.12 (XX' of AA'XX', 4H), 7.16-7.19 (dm, 2H, J - 8.3 Hz), 7.21-7.24 (dm, 2H, J= 7.3
Hz), 7.4 (~tm, 2H), 7.44-7.48 (AA' of AA'XX', 4H); 13C{1H} NMR (CD3CN, 125.68
MHz, center peak of CD3CN set to 1.32 ppm) 5 21.30, 40.89, 49.28, 61.46, 62.32, 71.52,
113.82,114.73, 122.29, 123.67, 126.55 (2C), 128.63, 129.58 (2C), 131.14,131.72,
139.92, 140.51, 144.82; IR (KBr) 3440, 2985, 2360, 1604, 1502, 1461, 1399, 1310, 1191,
1122, 1034, 1010 cm"1; HRFABMS, m/z (M+H)+ exact mass for C40H47N4O6S2:
742.2859; Found 742.2836 (error -2.3 mmu/-3.1 ppm).

5,12-Diallyl-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene
(36). In a 2-neck, 500 mL round-bottom flask (13ba, 13ca)-6a,13a-diallyl5,6,7,12,13,13b, 13c, 14-octahydro-6a, 13a-diazonia-4b, 11 b-diazadibenzo[fe, <ie/]chrysene
ditosylate (35) (5.58 g, 7.52 mmol) was dissolved in 188 mL MeCN. In a fume hood, the
homogenous solution was cooled (ice/H 2 0) and NaBH3CN powder (18.95 g, 300.7
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mmol) was added in small batches with stirring. The mixture was refluxed for 91 hours
to give a heterogeneous mixture. In a fume hood, the reaction solvent was removed via
rotary evaporation and replaced with 150 mL 95% EtOH. The pH was adjusted to 1 by
the dropwise addition of 6M HC1 and stirred for 1 h (Caution - HCN evolution!). The
acidic solution was then concentrated to dryness by rotary evaporation before 150 mL
H 2 0 was added. The pH was adjusted to 14 by the addition of solid KOH and the basic
solution was extracted with toluene (3 x 150 mL). The combined organic phases were
dried (Na2S04) then concentrated via rotary evaporation to give a cloudy oil. Residual
toluene was removed in vacuo which gave a light brown crystalline solid (2.95 g, 7.33
mmol, 98% crude). This crude product was stirred as a suspension in 100 mL of ice cold
95% EtOH. The product was isolated by vacuum filtration as a white solid (2.33 g, 5.79
mmol, 77%): mp 117 °C (dec); ! H NMR (C6D6, 500 MHz) 5 2.33-2.45 (m, 4H), 2.732.79 (ddd, 2H, J= 13.7, 10.5, 2.2 Hz), 2.84-2.88 (m, 2H) 2.84-2.94 (m, 2H, XX' of
AA'XX', cross-bridge), 3.24 (d, X of AX, 2H, J= 11.7 Hz), 3.48-3.55 (dm, 2H), 3.743.80 (dm, 2H), 4.32-4.40 (m, 2H, AA' of AA'XX', cross-bridge), 5.02 (d, 2H,
CH 2 CH=CH// Z , J= 10.2 Hz), 5.08 (d, 2H, CH2CH=CHHE, J = 17.3 Hz), 5.44 (d, A of
AX, 2H, J= 11.7 Hz), 5.68-5.78 (m, 2H, CH 2 C//=CH 2 ), 6.90-6.96 (m, 2H), 7.14-7.25
(m, 6H); ,3C{1H} NMR(C 6 D 6 , 125.68 MHz) 8 54.54, 56.73, 57.22, 57.26, 60.63, 116.94,
122.40, 123.14, 128.46, 133.04, 136.58, 137.08, 153.87; IR (KBr) 3065, 3020, 2942,
2806, 1592, 1477, 1452, 1373, 1319, 1250, 1204, 1135, 1048 cm'1; HRFABMS, m/z
(M+H)+ exact mass for C26H35N4: 403.2862; Found 403.2843 (error -1.9 mmu/-4.7 ppm).
Recrystallization from acetonitrile gave X-ray grade crystals.
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Microwave Assisted Conditions: 5,12-Diallyl-2,9-dibenzo-1,5,8,12tetraazabicyclo[6.6.2]tetradeca-2,9-diene (36) has been prepared using open or closed
vessels in a microwave reactor. The closed vessel method requires the reaction run at
110 °C for 30 minutes. The open vessel reaction was run at 82 °C for 30 minutes. For
open and closed vessel methods, the stoichiometry, work-up, yield, and product purity
were consistent with that described for thermal conditions.

2,9-Dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (33)
Reagents prepared in a dry bag under an N2 atmosphere: In a 25 mL round-bottom flask
5,12-diallyl-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (36) (1.68 g,
3.98 mmol) was combined with potassium fert-butoxide (1.13 g,l 1.67 mmol) and 16 mL
DMSO. The round-bottom flask was equipped with a condenser with N2 inlet, and
placed in a microwave reactor where it was stirred at 100 °C for 15 minutes to give a
homogeneous reddish-brown solution. Upon cooling, the liquid was transferred to a 50
mL Erlenmeyer flask and stirred in 25 mL H2O to give a white suspension. The pH was
adjusted to 1 via addition of 6M HC1 to give a homogeneous yellow solution. The pH
was then re-adjusted to 14 via addition of KOH pellets which regenerated the white
suspension. The aqueous basic solution was extracted with toluene (3 x 100 mL). The
combined organic extracts were washed with 10% aq KOH (2 x 100 mL), dried (Na2SO/t)
and then concentrated via rotary evaporation to give the product as a clear light brown
oil. The crude product crystallized upon removal of residual solvent under vacuum to
yield 1.16 g (3.60 mmol, 91%): mp 136-140 °C; ] H NMR (C 6 D 6 ,500 MHz) 5 0.67 (br s,
2H), 2.45 (dt, 2H, J= 13.2, 7.3, 3.4 Hz), 2.65 (ddd, 2H, J= 12.7, 9.0, 2.9 Hz), 2.82 (ddd,
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2H, J=13.4, 9.0, 2.9 Hz), 2.99-3.08 (m, 2H, XX' of AA'XX'), 3.17 (dt, 2H, J = 13.6, 7.8,
3.4 Hz), 3.31-3.40 (m, 2H, AA' of AA'XX'), 3.68 (d, X of AX, J= 12.7 Hz), 4.89 (d, A of
AX, J= 12.7 Hz), 6.98-7.04 (m, 2H), 7.06-7.09 (m, 2H), 7.11-7.18 (m, 4H); 13C{1H}
NMR(C 6 D 6 , 125.68 MHz) 6 48.80, 51.78, 57.15, 57.36, 124.34, 124.85, 128.57, 131.02,
139.70, 153.39; IR (KBr) 3336.8, 3051.9, 2292.5, 2819.8, 1590.1, 1455.1, 1362.6,
1315.6, 1197.8, 1125.6, 1039.3, 921.9, 741.4 cm"1; HRFABMS, m/z (M+H)+ exact mass
for C2oH27N4: 323.2236; Found 323.2233 (error -0.3 mmu/-0.9 ppm).

Tetraphenyl borate salt of 2,9-Dibenzo-l,5,8,12-tetraazabicyclo [6.6.2]tetradeca-2,9-diene (37) In a 10 mL round-bottom flask 136.0 mg (0.397 mmol) of
sodium tetraphenylborate added to a solution of 85.3 mg (0.265 mmol) of 2,9-dibenzol,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (33) in 2.0 mL of MeOH. The reaction
vessel was sealed and the solution stirred for 44 hours in which time a white precipitate
formed. The suspension was transferred to a test tube and triturated with MeOH (3.0
mL), centrifuged, and the methanolic supernatant removed. This was repeated until a
colorless supernatant was observed. Residual solvent was removed in vacuo to give a
white solid product (154.4 mg, 0.240 mmol, 91%): mp 194 °C; ] H NMR (CD3CN, 500
MHz, center peak of CD2HCN set to 1.94 ppm) 5 2.14 (br s, 2H, N//), 2.70 (ddd, 2H, J =
14.0, 10.7, 3.9 Hz), 2.76-2.84 (m, 2H, XX' of AA'XX'), 2.86 (dt, 2H, J= 13.4, 7.8, 3.9
Hz), 3.02 (ddd, 2H, J= 14.9, 10.5, 4.4 Hz), 3.16 (dt, 2H, J= 14.2, 7.6, 3.7 Hz), 3.23-3.31
(m, 2H, AA' of AA'XX'), 4.06 (d, 2H, X of AX, J = 15.1 Hz), 4.37 (d, 2H, A of AX, J =
15.1 Hz), 6.82-6.86 (m, 2H), 6.99 (t, 8H), 7.16-7.20 (m, 2H), 7.21-7.25 (m, 2H), 7.267.30 (m, 8H), 7.36-7.41 (m, 2H), 7.44-7.48 (m, 2H); 13C{1H} NMR (CD3CN, 125.67
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MHz, center peak of CD3CN set to 118.26 ppm) 8 44.34, 50.58, 51.85, 53.71, 122.72,
(126.51, 126.53, 126.56, 126.58), 127.89, 130.69, 132.40, 132.78, (136.68, 236.69,
136.71), 152.15, (164.16, 164.55, 164.95, 165.34); IR (KBr) 3435, 3318, 3217, 3041,
2832,2356, 1579, 1476, 1307, 1261, 1182, 1108, 1048, 727, 614 cm"1; HRFABMS, m/z
(M+H)+ exact mass for C20H27N4: 323.2236; Found 323.2228 (error -0.8 mmu/-2.5 ppm).
Recrystallization from slow diethyl ether diffusion into a solution of the
tetraphenylborate salt in acetonitrile afforded colorless, plate-like crystals that were
suitable for X-ray analysis.

5,12-B/s-(carbo-te/"^-butoxymethyl)-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (39) To a solution of 2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (33) (404.0 mg, 1.253 mmol) in acetonitrile (10 mL) was
added anhydrous sodium carbonate (290 mg, 2.74 mmol) and /ert-butyl bromoacetate
(513 mg, 2.63 mmol). The orange heterogeneous mixture was stirred at 60 °C for 49
hours under N2. Upon cooling, the solution was concentrated to dryness by rotary
evaporation. The resultant orange solid was treated with 50 mL of 10% aq NaOH and
extracted with benzene (4 x 25 mL). The combined organic phases were dried (Na2S04),
filtered, and concentrated by rotary evaporation. Residual solvent was removed in vacuo
to give the crude product as an orange solid (668.5 mg, 97%). The crude product was
triturated with MeOH (5 mL), centrifuged, and re-triturated until the supernatant was
colorless. Residual MeOH was removed in vacuo to yield the product as a white solid

(620 mg, 90%): mp 155 °C; ] H NMR (500 MHz, C6D6) 8 1.32 (s, 18H), 2.46-2.52 (dm,
2H), 2.83-2.96 (m, 6H), 3.29 (B of AB, 2H, J= 16.8 Hz), 3.36 (A of AB, 2H, J= 16.8
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Hz), 3.67 (d, 2H, J= 11.7 Hz), 3.70-3.81 (dm, 2H), 4.78-4.43 (m, 2H, AA' of AA'XX'),
5.38-5.43 (d, 2H, J= 11.7 Hz), 6.92 (td, 2H, J= 8.5, 7.1, 1.5 Hz), 7.12-7.20 (m, 4H),
7.28 (dd, 2H, J= 7.3, 1.5 Hz); 13C{1H} NMR (C6D6, 125.67 MHz) 5 28.20, 55.87, 55.88,
57.38, 57.64, 80.06, 122.50, 123.57, 127.51, 128.64, 132.93, 136.04, 154.29, 170.99; IR
(KBr) 2935, 2820, 1730, 1593, 1478, 1374, 1314, 1212, 1148, 1049,943,879,758,603
cm"1; HRFABMS, m/z (M+H)4 exact mass for C32H46N4O4: 550.352; Found 551.3595
(error -2.9 mmu/-l .6 ppm). Subsequent to trituration with methanol, the product was
recrystallized from hot acetonitrile to give X-ray quality crystals.

fi/s-trifluoroacetate salt of 5,12-Z>/s-(carboxyrnethyl)-2,9-dibenzo-l,5,8,12tetraazabicyclo[6.6.2]tetradeca-2,9-diene (40) 5,12-Sw-(carbo-/er/-butoxymethyl)l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (39) (72.5 mg, 0.132 mmol) and 3.0
mL trifluoroacetic acid were combined in a 10 mL round bottom flask. The clear
homogenous solution was stirred at room temperature for 72 hours. The mixture was
then concentrated to an oil via rotary evaporation. The oil was then triturated with
diethyl ether, centrifuged, the ethereal supernatant removed, and re-triturated (3 x 25 mL)
to give a white solid. Residual diethyl ether was removed in vacuo to give the product as
a white solid (86.6 mg, 98%): mp 152-158 °C; }H NMR (CD3CN, 500 MHz, CD 2 //CN
central solvent peak set to 1.94 ppm) S 3.14-3.25 (m, 4H), (d (~dm), 4H), 3.45 (d, 2H, J =
17.6 Hz, NC// 2 C0 2 H), 3.45-3.52 (m, 2H), 4.19 (d, 2H, J = 17.6 Hz, NC# 2 C0 2 H), 4.19
(B of AB, 2 H , J = 14.4 Hz), 4.34 (A of AB, 2H, ./= 14.4 Hz), 7.26 (dd, 2 H , J = 7.6, 1.5
Hz), 7.31 (td, 2H, J= 7.3, 1.0 Hz), 7.46 (td, 2H,./= 7.3, 1.7 Hz), 7.55 (dm, 2H, J = 8.06
Hz); 13C{1H} NMR (CD3CN, 125.67 MHz, CD3CN solvent peak set to 1.32 ppm) 8
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53.55, 53.88, 55.39, 56.26, 58.49, 126.55, 128.51, 131.01, 132.25, 133.70, 150.08, 160.71
(q, yC-F= 33.88 Hz), 171.72 (C=0); IR (KBr) 3424.8, 2854.9, 1672.5, 1392.9, 1186.2,
764.9, 606.7 cm"1; HRFABMS, m/z (M+H) + exact mass for C24H31N4O4: 439.2345;
Found 439.2327 (error-1.8 mmu/-4.2 ppm).

Altyl-/?-toIuenesulfonate (34) Based on reported methods, 52 ' 53 a 100 mL 2-neck
round bottom flask was equipped with a stir-bar, ethylene glycol/dry ice bath, condenser,
and N2-inlet. To a cold stirring solution (-20 °C) of tosyl chloride (6.3 g, 33 mmol) in
diethyl ether (45 mL) was added allyl alcohol (1.74 g, 30 mmol) dropwise. To the
mixture was added powdered NaOH (4.52 g. 113 mmol) in a batch-wise fashion over 15
minutes. The reaction stirred at -20 °C over the next 3 h at which point the
heterogeneous mixture was washed with ice cold H2O (3 x 25 mL). The ethereal solution
was then dried (Na2S04), filtered, and concentrated via rotary evaporation at 0 °C to give
a cloudy white liquid (6.25 g, 29.44 mmol, 98%). If necessary, residual diethyl ether can
be removed by rotary evaporation at room temperature, however, in most cases no further
purification was required and the ! H NMR was consistent with that of authentic material
(500 MHz, CDCI3) 8 2.45 (s, 3H,p-CH3), 4.54-4.54 (dm, 2H, CH2CH=Clly), 5.23-5.27
(dm, 1H, CH2CHCH//Z, J= 10.5 Hz), 5.29-5.35 (dm, 1H, CH2CUCHHE,J=

17.1 Hz),

7.33-7.37 (2H, XX' of AA'XX'), 7.77-7.82 (2H, AA* of AA'XX'); 13C{1H} NMR (CDC13,
125.68 MHz, central CDC13 solvent peak set to 77.16 ppm) 8 21.72, 70.88, 120.36, 128.0,
129.96, 130.34, 133.33, 144.95.
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a-(/)-ToIuenesulfonyl)ethyI glycolate (38). Based on reported preparations of
34, 5 2 , 5 3 a 2-neck, 100 mL round bottom flask, 4.88 g (25.613 mmol) tosyl chloride was
combined with 35 mL diethyl ether. The mixture was stirred and cooled to -20 °C with a
dry ice/ethylene glycol bath. Ethyl glycolate (2.42 g, 23.285 mmol) was then added
dropwise by syringe, and the cold mixture stirred for 15 minutes. Powdered NaOH (2.80
g, 69.862 mmol) was then added batch-wise over the next 15 minutes, and the resultant
white heterogeneous mixture stirred at -20 °C over the course of 3.5 hours. The reaction
mixture was washed with ice cold H2O (3 x 50 mL), dried (NaaSCU), and stored at -10
°C. The product crystallized over 12 hours as clear plates which were isolated by
vacuum filtration. Residual diethyl ether was removed in vacuo. No further purification
was required as the melting point, 'H and I3 C NMR were consistent with that of authentic
material (5.64 g, 94%): mp 52-54 °C; 1H NMR (500 MHz, CDC13) 5 1.25 (t, 3H, J= 7.31
Hz), 2.46 (s, 3H,/?-C// 3 ), 4.19 (q, 2H, J= 7.31 Hz), 4.58 (s, 3H), 7.33-7.38 (XX' of
AA'XX', 2H), 7.82-7.86 (AA' of AA'XX', 2H); 13C{1H} NMR (CDC13, 125.68 MHz) 5
14.21, 21.88, 62.13, 64.95, 128.34, 130.12, 132.85, 145.57, 166.22.

5,12-Z»/s-(carboxymethyl)-2,9-dibenzo-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene*Cu(II)'NaCI04 (41). The fe-trifluoroacetate salt of 5,12-Ms(carboxymethyl)-l,5,8,12-tetraazabicyclo[6.6.2]tetradeca-2,9-diene (40) (154.10 mg,
0.231 mmol) was combined with 95% EtOH (4 mL) in a 10 mL round bottom flask. The
pH of the resultant solution was adjusted from 2 to 6 by the dropwise addition of an

aqueous solution of NaOH (0.3 mL, IN). A solution of Cu(C10 4 )2'6H 2 0 (87.0 mg, 0.235
mmol) in 95%) EtOH (1 mL) was added dropwise to the stirring solution of 40. The
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resultant heterogeneous solution was heated to 60 °C, at which point a clear blue solution
was observed. After 17 hours, the reaction was cooled and evaporated to dryness. The
blue-white residue was then taken up in methanol, and placed in a diethyl ether diffusion
chamber. Dark blue clusters formed over course of two weeks, at which point the
deposited crystals were isolated and dried in vacuo (83.6 mg, 0.135 mmol, .58%). Anal
Calcd for C24H28CuN404«NaC104: C, 46.31; H, 4.53; N, 9.00; Found: C, 46.55; H, 5.03;
N, 8.91; IR (KBr) 3448, 2923, 1701, 1636, 1601, 1489, 1452, 1404, 1343, 1296, 1223,
1176, 1095, 1006, 923, 929, 887, 766, 623 cm"1; UV-Vis (MeOH, 2.52 x 10"3 M) X = 617
nm (s - 68 M"1 cm"1).
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